PRECISION ALIGNMENT AND CALIBRATION OF OPTICAL SYSTEMS USING
COMPUTER GENERATED HOLOGRAMS
by
Laura Elizabeth Coyle
__________________________
A Dissertation Submitted to the Faculty of the
DEPARTMENT OF OPTICAL SCIENCES
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
In the Graduate College
THE UNIVERSITY OF ARIZONA

2014

2
THE UNIVERSITY OF ARIZONA
GRADUATE COLLEGE
As members of the Dissertation Committee, we certify that we have read the dissertation
prepared by Laura Coyle, titled “Precision alignment and calibration of optical systems
using computer generated holograms”, and recommend that it be accepted as fulfilling
the dissertation requirement for the Degree of Doctor of Philosophy.
_______________________________________________________________________

Date: 8/8/2014

James H. Burge
_______________________________________________________________________

Date: 8/8/2014

Matt B. Dubin
_______________________________________________________________________

Date: 8/8/2014

John Greivenkamp

Final approval and acceptance of this dissertation is contingent upon the candidate’s
submission of the final copies of the dissertation to the Graduate College.
I hereby certify that I have read this dissertation prepared under my direction and
recommend that it be accepted as fulfilling the dissertation requirement.
________________________________________________ Date: 8/8/2014
Dissertation Director: James H. Burge

3
STATEMENT BY AUTHOR
This dissertation has been submitted in partial fulfillment of the requirements for
an advanced degree at the University of Arizona and is deposited in the University
Library to be made available to borrowers under rules of the Library.

Brief quotations and use of figures from this dissertation are allowable without
special permission, provided that an accurate acknowledgement of the source is made.
Requests for permission for extended quotation from or reproduction of this manuscript
in whole or in part may be granted by the head of the major department or the Dean of
the Graduate College when in his or her judgment the proposed use of the material is in
the interests of scholarship. In all other instances, however, permission must be obtained
from the author.

SIGNED: Laura Elizabeth Coyle

4
ACKNOWLEDGEMENTS
First I want to thank my research and thesis adviser Jim Burge for the incredible
opportunities and mentorship he has provided over the last five years. Jim’s insight and
clarity of thought continue to inspire me to become a more effective scientist and
engineer. I’m also planning to master his trick Frisbee grabs.
Many thanks to Matt Dubin for the countless hours we have spent discussing
optics and many other tangents. When I walked into his office my first year, I didn’t
know what an F/# was or how to tie a bowline knot. I could never have come so far
without his patient explanations and Socratic questioning. Because of him, I no longer
fear “stepping up to the board.”
I am grateful to the faculty at Optical Sciences, particularly committee member
John Greivenkamp, for their passion and expertise in all fields of optics and their
commitment to transmitting that knowledge to students. Outside the classroom, the first
floor crew of opticians and engineers provided invaluable guidance for getting the job
done.
Thanks to the LOFT group, for their support in research and in having fun. From
discussing papers at happy hours around town to aberration workshops in a Durango ski
lodge, we learned from each other and bonded as colleagues and friends. Special thanks
to Eric Frater for feedback on this dissertation and many helpful discussions in general.

5
Thanks to the SAGUARO crew and all the other friends I have made at Op Sci.
Through bad times (prelims) and good times (being done with prelims), I learned the
value of a coffee break with good friends in getting you unstuck. The community all of
you have created is truly unique and is one of the college’s greatest assets. I’ll never
forget the soccer games, dance parties and Tucson adventures we shared.
To Zach – one of the best parts of the last five years has been spending time with
you. We have celebrated good news and supported each other during frustrating times. I
can’t thank you enough for helping me to get where I am today. I am really looking
forward to more adventures in Colorado with my best friend <
To Mom, Dad, and Linny, there are truly no words to express my love and
gratitude. I’m so proud to call you my family and your support means everything to me.
Finally, I am grateful for the financial support from the P.E.O. Sisterhood, OSA,
SPIE, Philip N. and Joan A. Slater, and Arthur G. and Beatrice DeBell which made this
work possible.

6
DEDICATION

To my family.

7
TABLE OF CONTENTS
Page
LIST OF FIGURES ...................................................................................................10
LIST OF TABLES .....................................................................................................19
ABSTRACT ..............................................................................................................20
1

2

3

INTRODUCTION .............................................................................................22
1.1

Motivation ............................................................................................22

1.2

Alignment methods ..............................................................................22

1.3

Calibration methods .............................................................................26

1.4

Computer generated holograms ...........................................................30
1.4.1

Types of binary CGHs .............................................................32

1.4.2

CGH Design Parameters ..........................................................33

1.4.3

Fabrication of binary CGHs .....................................................35

1.5

CGHs in Optical Testing ......................................................................38

1.6

Dissertation Overview .........................................................................40

TRANSFER OF DIFFRACTIVE OPTICAL ALIGNMENT PATTERNS TO MECHANICAL
DATUM SURFACES .........................................................................................42
2.1

Alignment of SMRs to optical systems ...............................................44

2.2

Alignment of CGHs to optical systems ...............................................47

2.3

Locating CGHs using a CMM .............................................................49

2.4

Locating CGHs using a Laser Tracker.................................................50

2.5

Alignment of components to CGH alignment marks ..........................51

2.6

Free Space Ball Alignment Tool (FBAT)............................................54

2.7

Summary ..............................................................................................54

LOCATING COMPUTER GENERATED HOLOGRAMS USING PRECISION
ALIGNMENT OF SPHERE MOUNTED RETRO REFLECTORS TO FRESNEL ZONE
PLATE FEATURES ..........................................................................................56
3.1

Concept ................................................................................................56

8

4

3.2

Design ..................................................................................................58

3.3

Experimental Results ...........................................................................61

3.4

Sources of Alignment Uncertainty.......................................................67
3.4.1

Wavefront Error in CBAT .......................................................67

3.4.2

Alignment of CBAT beam to CGH surface .............................67

3.4.3

CGH Quality ............................................................................68

3.4.4

Ball Quality ..............................................................................69

3.5

Implementation in Daniel K. Inouye Solar Telescope (DKIST) Primary
Mirror Optical Test ..............................................................................71

3.6

Conclusion ...........................................................................................73

ALIGNMENT OF COMPUTER-GENERATED HOLOGRAM REFERENCES ..........75
4.1

4.2

CGH Alignment Procedure ..................................................................75
4.1.1

Computer Generated Holograms .............................................76

4.1.2

Alignment of CGHs to Optical Surfaces .................................77

4.1.3

Alignment Procedure ...............................................................79

Error Analysis ......................................................................................86
4.2.1

Autocollimator Calibration ......................................................86

4.2.2

Autocollimator Beam Wavefront .............................................88

4.2.3

Spot Centroiding ......................................................................92

4.2.4

Resolution of Alignment Hardware .........................................92

4.2.5

Repeatability of Kinematic Mounts .........................................92

4.2.6

Wedge in substrates .................................................................93
4.2.6.1

Wedge in CGHA .......................................................93

4.2.6.2

Wedge in CGHB .......................................................94

4.2.6.3

Substrate Wedge and CGH orientation .....................96

4.2.7

Writing error ............................................................................97

4.2.8

Atmospheric Effects.................................................................98

4.2.9

Thermal effects ........................................................................99

4.2.10 Summary of errors ...................................................................99
4.3

Two CGH Experiment .......................................................................101

9

4.4
5

6

4.3.1

Alignment Check ...................................................................101

4.3.2

Results ....................................................................................103

Summary ............................................................................................105

ENHANCED CALIBRATION OF A CGH-BASED FIZEAU INTERFEROMETER WITH
PERTURBED MEASUREMENTS .....................................................................107
5.1

CGH Based Interferometers ...............................................................107

5.2

First Order Calibration Concept.........................................................110

5.3

Simulated First Order Calibration ......................................................114

5.4

Parametric Model ...............................................................................119
5.4.1

Coupling Coefficients ............................................................119

5.4.2

Expected Parametric Residual ...............................................124

5.4.3

Uncertainty in Parametric Residual .......................................125

5.5

Case Study Interferometer .................................................................126

5.6

Summary ............................................................................................131

CONCLUSION ..............................................................................................133

REFERENCES ........................................................................................................136
APPENDIX A – DESIGN AND ANALYSIS OF AN ALIGNMENT PROCEDURE USING
COMPUTER GENERATED HOLOGRAMS .......................................................142
COPYRIGHT TRANSFER AGREEMENT .................................................................142

10
LIST OF FIGURES

Fig. 1: Measurement configurations for common interferometer calibration methods ...
........................................................................................................................27
Fig. 2: The creation of a hologram. a) A reference beam (collimated, red) and test
beam (diverging, green) are created. b) A photographic plate is placed at the
intersection of the beams. c) The interference pattern is recorded on the
plate. d) The reference beam is incident on the hologram. The output is the
test beam. ........................................................................................................30
Fig. 3: Top: Pattern for a binary CGH with tilt, power, and coma. Bottom: From left
to right, the wavefront phase from the zero, first and second diffracted orders.
........................................................................................................................31
Fig. 4: Equations for the diffraction efficiency η for the different orders of amplitude
and phase CGHs. ............................................................................................34
Fig. 5: Estimation of writing error in computer generated holograms [33]. a) The
ideal pattern is defined. b) The pattern is digitized by fitting simple polygons
to the fringes. This is the input to the laser writer. c) The fringe edges are
extracted from the digitized data and compared to the ideal position to
estimate the expected writing error. ...............................................................36
Fig. 6: The fabrication process for amplitude and phase CGHs [35]. .........................37
Fig. 7: Fizeau interferometer with CGH null corrector [35]. .......................................38
Fig. 8: Layout for the New Solar Telescope primary mirror interferometric test [36]. ...
........................................................................................................................39

11
Fig. 9: Tesa Microhite 3D CMM with touch probe [2].

Right image from

http://img.directindustry.com/. .......................................................................43
Fig. 10: Laser tracker measures the 3D position of an SMR using two angles (blue
shading) and one distance (red line). Image from www.faro.com. ...............44
Fig. 11: Alignment of SMR to interferometer focus....................................................45
Fig. 12: Alignment of SMR to alignment telescope axis. The top layout shows the
location of the projected alignment pattern with respect to the ball center,
displaced a distance Δx from the axis. The bottom layout shows the location
of the pattern a distance 2Δx from the axis after it is re-imaged by the SMR
surface and the location of the pattern when it is imaged onto the reticle. ....46
Fig. 13: Alignment of CGH to interferometer beam with reflective alignment pattern.
CGH substrate is adjusted in three degrees of freedom to minimize tilt and
power in the reflected beam. ..........................................................................47
Fig. 14: Alignment of CGH with autocollimator in direct imaging and autocollimation
modes..............................................................................................................49
Fig. 15: Left: Measurement of substrate location with respect to datum ball using
touch probe on CMM. Right: Measurement of pattern location with respect
to datum ball using optical probe on CMM ...................................................50
Fig. 16: Left: Measurement of substrate location with laser tracker by contacting it
directly with SMRs.

Right: Measurement of substrate angle with laser

tracker using direct and indirect measurement of one SMR. .........................51
Fig. 17: Alignment of test surface to CGH wavefronts by aligning balls to projected
spots. ...............................................................................................................52

12
Fig. 18: Alignment of test surface to CGH wavefronts by aligning projected spots to
ideal location on cameras. ..............................................................................53
Fig. 19: The free space Ball Alignment Tool (FBAT). a) A datum ball is placed near
the projected mark. b) The FBAT is aligned to the beam. c) The spots are
not coincident for a misaligned ball. d) The ball is aligned when the spots are
coincident. ......................................................................................................55
Fig. 20: Left: the ball is decentered from the FZP. There is tilt between the reflected
beams. Right: The ball is centered on the FZP. The reflected beams are
parallel. ...........................................................................................................57
Fig. 21: A lens brings the beams to focus. Lens focal length f and spot separation d
are used to calculate the angle between the beams. .......................................58
Fig. 22: Simple CBAT Layout. ....................................................................................59
Fig. 23: Left: Layout of prototype CBAT with afocal relay. Right: Prototype CBAT
built from COTS parts. Inset shows removable lens for alignment mode. ....61
Fig. 24: a) The raw interferogram for a decentered ball. For our particular CGH,
there is non-uniformity in the illumination, though the fringes have high
contrast in the central region. High spatial frequency content from the other
CGH orders can be seen at the center. b) The Fourier transform of the
interferogram. .................................................................................................62

13
Fig. 25: a) Measured ball decenter = 1.83 microns. b) Measured ball decenter = 1.40
microns. Tilt fringe peaks in FT are beginning to overlap with low spatial
frequency illumination content. c) Ball decenter is too small to be measured
by counting fringes or using Fourier analysis. Visually, it is clear that the
alignment is at least a factor of 2 better than b), corresponding to < 1 micron
of decenter, but the exact amount cannot be determined. ..............................64
Fig. 26: A plot of micrometer reading versus ball decenter for two trials. The
dominant uncertainty is the error in the micrometer reading (graduation = 1
μm, uncertainty = 0.5 microns). .....................................................................65
Fig. 27: a) Ball is aligned to FZP using CBAT at 0 degree clocking. B) CBAT is
rotated 90 degrees and realigned in tilt, CGH and ball are undisturbed.
Measurement is still a null fringe. C) CBAT is rotated another 90 degrees
(180 total) and realigned in tilt. Measurement is still a null fringe. Since all
three measurements have a null fringe, the bias in the CBAT is < 1 micron. ....
........................................................................................................................66
Fig. 28: Left: Return from hardened stainless steel ball, grade 100. Center: Return
from ½” silicon nitride ball, grade 5. Right: Return from new SMR (PLX
BMR 0.5-5) [44]. Full 7 mm aperture shown, only high-contrast central 2
mm is used for data analysis...........................................................................70
Fig. 29: Steps in the bonding process ..........................................................................72

14
Fig. 30: Measurements of the SMR alignment during the bonding process. The initial
misalignment is < 1 micron, but drifts to 1.2 μm after 60 seconds or curing
under a 100 W lamp and 1.8 μm after 5 minutes. When the fixture is
removed, the final misaligned is 2.4 μm. This is a result of our specific
procedure, not a fundamental limitation.........................................................73
Fig. 31: A rotary bearing is used to align the CGH to the optical surface. a) The CGH
is aligned in tilt only. b) The CGH is aligned in centration only. c) The
CGH is aligned in tilt and centration. .............................................................78
Fig. 32: Registration of alignment marks on CGH to ball and SMR datum features on
mechanical structure using an optical CMM. .................................................78
Fig. 33: CGHA has concentric inner and outer regions that create the near spot and
the far spot respectively. The outer CGH is an annulus and does not overlap
the inner CGH. ...............................................................................................80
Fig. 34: The +1 order of CGHB images the near spot onto the plane of the far spot to
perform the centration alignment. a) The spots are displaced by  when
CGHB is decentered by Δs. b) The two spots are coincident for a centered
CGHB. The rays from the outer zone of CGHA, which forms the far spot,
are blocked in this step (see Fig. 35), but are shown here for reference. .......81
Fig. 35: The step by step procedure to align the CGHs in tilt and centration. For a
system with three or more optics, after aligning the two CGHs, remove the
first CGHB and repeat steps 5-7 to align additional CGHBs. These CGHBs
which will have different axial positions and FZP focal lengths so the near
spot is re-imaged to the same far spot plane. .................................................85

15
Fig. 36: Plot of normalized angular error from a corner cube as a function of beam
diameter and offset. ........................................................................................87
Fig. 37: Error in the corner cube calibration will cause a correlated tilt error in all
CGHs. .............................................................................................................88
Fig. 38: a) The beam wavefront contains 1 wave RMS of coma. b) The wavefront is
split into the inner and outer zones of CGHA. Each zone wavefront can be
expressed as the sum of c) some aberration and d) the mean tilt. The mean
tilt in each zone will cause angular deviation of the wavefront. ....................89
Fig. 39: a) Coma in the autocollimator beam will cause a tilt α in the beam that
creates the near spot and a tilt β in the beam that creates the far spot. b) The
displaced near and far spots create a tilted alignment axis. CGHA has tilt and
centration error. c) CGHB only has tilt error. ...............................................91
Fig. 40: CGHA is written to a substrate with wedge. a) When the autocollimator
beam is parallel to the CGH surface normal, the CGH is misaligned. b) The
autocollimator is tilted until the beam is normally incident on the CGH. The
surface normal and alignment axis are parallel as desired. ............................93
Fig. 41: The tilted autocollimator beam is incident on CGHB. a) When the CGHB
surface normal is parallel to the alignment axis, it appears misaligned. b)
CGHB is tilted to retro reflect the beam, adding tilt error. ............................94
Fig. 42: CGHB reimages the near spot onto the plane of the far spot. a) A centered
CGHB with wedge will create a displacement between the spots. b) CGHB is
decentered to align the spots. .........................................................................95

16
Fig. 43: The CGHs are written to the rear surface of a substrate with wedge. The
arrows represent the center and tilt of the CGH, illustrating the possible
alignment errors due to wedge. ......................................................................97
Fig. 44: The CGHs are written to the front surface of a substrate with wedge. The
arrows represent the center and tilt of the CGH, illustrating the possible
alignment errors due to wedge. ......................................................................97
Fig. 45: a) The optical system consists of two CGHs spaced one meter apart, with the
autocollimator and focal plane on either end (distances in millimeters). b)
The experimental setup is pictured. ..............................................................101
Fig. 46: The sphere check measures the residual error in the alignment procedure. a)
A point source is placed at the “center of curvature” of two spherical mirror
patterns.

The displacement between the reflected spots is measured to

determine the misalignment of CGHB with respect to CGHA. b ) A second
set of spherical mirror patterns is used with the point source placed on the
opposite side of the substrates. The separation in the figure is not to scale.
......................................................................................................................102
Fig. 47: Layout of interferometer with spherical reference surface and computer
generated hologram for null correction [48]. The zero order from the CGH
creates the reference beam. The first order creates the test beam. The
projection lens images the aspheric CGH wavefront onto the UUT. ...........108

17
Fig. 48: The calibration concept illustrated with one ray at pupil coordinate (P X,PY).
a) The ray exiting the first CGH has a given OPD.

b) The ray exiting the

second CGH with a tilt carrier has a different OPD. c) The predicted OPD
for a ray exiting the CGH at a third angle set by the asphere is calculated
using Equation (28). .....................................................................................112
Fig. 49: Relating change in angle to shear on the error surface. ................................115
Fig. 50: The flow diagram to simulate a first order calibration. ................................115
Fig. 51: Simulated measurements and calibration for coma on error surface,
astigmatism on asphere. The scaling for the CGH magnitude is chosen to
give ~ 0.5 mm of shear on the error surface. Note the sensitivity maps are
proportional to the derivative of the phase on the error surface for small
shears. ...........................................................................................................118
Fig. 52: Calculation of a coupling coefficient for a parametric model. .....................119
Fig. 53: Calculation of zero and first order coupling coefficients for Z7 on the error
surface and Z5 on the CGH where the magnitudes of each are generated
randomly in a Monte Carlo simulation. Left: Z5 magnitude > 0. Right: Z5
magnitude < 0. ..............................................................................................120
Fig. 54: Coupling coefficients for Zernike terms on CGH as a function of Zernike
terms on error surface. Two plots are shown for each CGH Zernike term,
one for positive magnitudes and one for negative magnitudes. ...................122
Fig. 55: Comparison of calibration residuals using direct and parametric models. ...126
Fig. 56: Design of interferometer for case study. ......................................................127

18
Fig. 57: The results of ray trace, direct, and parametric simulations with Z6,Z8,Z11
on the CGH and Z7 on the projection lens. There almost a factor of 2
reduction in the residual from the zero order calibration (ZOC) to the first
order calibration (FOC). ...............................................................................129
Fig. 58: The results of ray trace, direct, and parametric simulations with Z6,Z8,Z11
on the CGH and a decentered projection lens (effective error Z7). There
almost a factor of 2 reduction in the residual from the zero order calibration
(ZOC) to the first order calibration (FOC). ..................................................130

19
LIST OF TABLES

Table 1: Comparison of general alignment methods for optical systems. .............25
Table 2: Comparison of self-calibration methods for Fizeau interferometers [28]. ..
...........................................................................................................29
Table 3: Summary of alignment methods. .............................................................42
Table 4: Summary of contributions to alignment error .......................................100
Table 5: Statistics for spherical mirror alignment check .....................................103
Table 6: Summary of contributions to alignment error for 2 CGH system .........104
Table 7: Summary of expected and measured errors for 2 CGH system.............105
Table 8: Simulation Parameters for parametric model ........................................124
Table 9: Calculation of expected calibration residual using the parametric model. ..
.........................................................................................................125

20
ABSTRACT
As techniques for manufacturing and metrology advance, optical systems are
being designed with more complexity than ever before.

Given these prescriptions,

alignment and calibration can be a limiting factor in their final performance. Computer
generated holograms (CGHs) have several unique properties that make them powerful
tools for meeting these demanding tolerances.

This work will present three novel

methods for alignment and calibration of optical systems using computer generated
holograms.
Alignment methods using CGHs require that the optical wavefront created by the
CGH be related to a mechanical datum to locate it space. An overview of existing
methods is provided as background, then two new alignment methods are discussed in
detail. In the first method, the CGH contact Ball Alignment Tool (CBAT) is used to
align a ball or sphere mounted retroreflector (SMR) to a Fresnel zone plate pattern with
micron level accuracy. The ball is bonded directly onto the CGH substrate and provides
permanent, accurate registration between the optical wavefront and a mechanical
reference to locate the CGH in space. A prototype CBAT was built and used to align and
bond an SMR to a CGH. In the second method, CGH references are used to align axisymmetric optics in four degrees of freedom with low uncertainty and real time feedback.
The CGHs create simultaneous 3D optical references where the zero order reflection sets
tilt and the first diffracted order sets centration. The flexibility of the CGH design can be
used to accommodate a wide variety of optical systems and maximize sensitivity to
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misalignments. A 2-CGH prototype system was aligned multiplied times and the
alignment uncertainty was quantified and compared to an error model.
Finally, an enhanced calibration method is presented. It uses multiple perturbed
measurements of a master sphere to improve the calibration of CGH-based Fizeau
interferometers ultimately measuring aspheric test surfaces. The improvement in the
calibration is a function of the interferometer error and the aspheric departure of the
desired test surface. This calibration is most effective at reducing coma and trefoil from
figure error or misalignments of the interferometer components.

The enhanced

calibration can reduce overall measurement uncertainty or allow the budgeted error
contribution from another source to be increased. A single set of sphere measurements
can be used to calculate calibration maps for closely related aspheres, including
segmented primary mirrors for telescopes.

A parametric model is developed and

compared to the simulated calibration of a case study interferometer.
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1
1.1

INTRODUCTION

MOTIVATION
In the field of optical testing, requirements for the measurement uncertainty of

optical surfaces are becoming tighter and can approach the nanometer level. Many
factors contribute to measurement uncertainty, including system alignment, calibration,
noise and data processing. To meet these demanding requirements, new methods must be
developed. This dissertation will focus on methods for alignment and calibration
specifically.

In the introductory chapter, a brief overview of common methods for

alignment and calibration is presented, as well as their limitations. Next is a discussion
of computer generated holograms, which have become increasingly common in optical
systems due to their ability to create complex wavefronts. Finally, three novel methods
using CGHs for improved alignment and calibration are presented.

1.2

ALIGNMENT METHODS
There are many of methods available for alignment, including mechanical or

optical, contact or non-contact, centration or angle, etc. The best method for a given
application depends on the alignment tolerances, degrees of freedom, and type of
component being aligned.
Alignment begins with the mechanical structure supporting the optics. Some
mechanics are specified such that when they are assembled, the position error of the
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optics is within tolerance. Intelligent use of datum features and geometric dimensioning
and tolerancing can provide the necessary accuracy while reducing the cost and
complexity of the mechanics as much as possible. A common example is the “drop in”
assembly of a lens in a barrel with a precision bore. For many applications with micronlevel tolerances, machining alone cannot achieve the final alignment and some
adjustment is needed.
If adjustment is required, the alignment is typically performed in stages. Inside
micrometers or gauge blocks are appropriate for a rough system layout and provide submillimeter accuracy for the mechanical structure.

Intermediate apertures, reflections

from surfaces, beam footprints, and mechanical datum features can also be used for a
rough alignment. More precise contact methods include metering rods with LVDTs [1],
coordinate measuring machines (CMMs) [2] or laser trackers [3-4], which can measure
the position of mechanical or optical features in three dimensions to a few microns with
careful operation.

However, the mechanical structure of the system may restrict the

ability of a CMM touch probe or metering rod to contact datum features or block the line
of sight from the laser tracker to a corner cube target. As a general rule, coated optical
surfaces should not be contacted at all. An optical CMM could be used to measure the
position of features including reference marks on optical flats without contact. However,
there are also size limitations to consider. While laser trackers and metering rods can
align systems many meters in length, even the largest CMMs can only measure features
over a several meter volume. Real time feedback can significantly improve convergence
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in an alignment and is not possible for a CMM. It can be achieved with multiple laser
trackers but is often prohibitively expensive.
Autocollimators and alignment telescopes are common non-contact tools used to
optically measure the angle and centration of components. The accuracy of the angle
datum or centration axis depends on the quality of the instrument. Top of the line
autocollimators can align components in angle to a better than one arcsecond [5] and
alignment telescopes can center components to a line of sight with only a few microns of
uncertainty [6]. Both instruments have relatively small mechanical footprints when
installed and can measure systems meters in length. They provide real-time feedback of
the alignment and video eyepieces can be used to magnify the reticles and improve the
user’s ability to sense small misalignments. However, the centration uncertainty in an
alignment telescope measurement increases with distance and may not be sufficient for
all applications [7]. Rotary bearings [7-8] and axicons [9] can also create axes for
centering components with a straightness of a few microns over several meters. These
tools create the axis, but additional diagnostics are needed to quantify the alignment of
the component to that axis and provide feedback for angle.
A comparison of the alignment methods is listed in Table 1.
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Table 1: Comparison of general alignment methods for optical systems.
Alignment Method
Mechanical Tolerances

Metering Rods

Advantages
 No adjustments needed after
assembly
 No additional instruments needed

 Increased design/machining cost
 Cannot achieve micron-level
tolerances

 Micron-level uncertainty

 Multiple rods are needed for 3D
positioning
 Calibration required
 Sensitive to temperature

Coordinate Measuring Machine

 3-5 μm typical measurement
uncertainty
 Can measure a variety of geometries

Optical Coordinate Measuring
Machine

 3-5 μm typical measurement
uncertainty
 Can measure marks on optical flats
 Non-contact

Laser Tracker

Autocollimator

Alignment Telescope

Rotary Bearing/Axicon

Disadvantages

 5-50 μm typical measurement
uncertainty
 Can measure a variety of geometries
over a large volume






Limited measurement volume
Expensive
Contacts part being measured
Cannot measure marks on optical
flats
 No real time feedback
 Limited measurement volume
 Expensive





Requires a line of sight to target
Uncertainty increases with distance
Expensive
Multiple trackers required for real
time feedback

 Capable of < 1 arc second
measurement uncertainty
 Can measure over long distances
 Uncertainty is independent of
distance
 Real time feedback

 Does not measure centration
 Not well suited for powered optics

 5- 50 μm typical measurement
uncertainty
 Can measure over long distances
 Real time feedback

 Measures along a single line of sight
 Uncertainty increases with distance
 Can be expensive

 Can provide axis with straightness to
a few microns

 Additional instrument needed to
sense centration to axis
 Additional instrument needed to
sense tilt
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1.3

CALIBRATION METHODS
Once an optical system is aligned, a calibration may be required. This section

will focus specifically on self-calibration of Fizeau interferometers. While individual
surfaces such as reference spheres can be calibrated with a standard, an interferometer
contains many components and correctly combining the errors from multiple surfaces is
difficult. A self-calibration of the as-built system often provides the most accurate
measure of errors in the interferometer.
Commercial Fizeau interferometers output collimated or spherical wavefronts
from a reference optic. An absolute calibration of errors in the reference wavefront can
be performed with a three flat test [10], three sphere test [11-12], three position test [13]
or random ball test [14-18]. The first three methods rely on a certain sequence of
measurements to separate interferometer error from test surface error, as illustrated in
Fig. 1. Precise alignment of the test parts at each measurement location is critical for
accurate measurements of the reference wavefront error. For the three flat and three
sphere tests, only line profiles are obtained. Methods to extend the profiles to full surface
maps using Zernike polynomials and even/odd functions have been developed [14,1920]. Another absolute test uses maximum likelihood estimation on multiple
measurements of a shifted and rotated test part [21]. Unlike the other absolute tests, the
test surface positions are not pre-determined but must be accurately known. This method
requires an optimization to solve for the reference and test wavefronts but does not
require additional optics.
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Fig. 1: Measurement configurations for common interferometer calibration methods
The random ball test exploits test part symmetry. Multiple measurements of the
test part are collected at random positions and orientations and averaged. The features in
the test surface shift between measurements and are averaged out, leaving only errors in
the interferometer. The concept is straightforward and requires minimal computation but
a large number of measurements.

For example, calibrating interferometer error to

uncertainty of 1 nm RMS can require 10 to 15 measurements [18]. This can be labor
intensive but no additional optics are required and a full surface map is obtained. The
shift-rotate test [22-24] follows a similar principle, but instead of random measurements,
N measurements at rotation angles 360°/N are collected and averaged.

Non axi-

symmetric features in the test average out, leaving the non axi-symmetric errors in the
interferometer. With that set of measurements alone, errors with symmetric of kNθ and
axi-symmetric errors are in the null space. An additional rotation measurement at a
different angle plus a shifted measurement are collected to divide the null space error.
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A different calibration is needed for aspheric test surfaces, which often include
non-common path null correctors. A variation of the shear test has been developed for
aspheres in null configurations [25]. The asphere is rotated a small amount about its
parent axis, which shears the wavefronts. Then maximum likelihood estimation is used
to solve for the interferometers errors. Some errors fall in a null space, including those
that are symmetric about the parent axis. If the asphere is not in a null configuration,
reverse optimization can be used to calibrate the reference wavefront [26-27].
Experimental wavefront data is entered into lens design code as the merit function, then
an optimization routine solves for the interferometer prescription and the test surface
shape.

This calibration is computationally intensive and generally cannot achieve

nanometer-level uncertainty.
All of these calibrations will have a few common sources of measurement
uncertainty [28]. Random errors from noise are always present but can be reduced by
averaging multiple measurements. Fixed errors from geometric effects can be
characterized by ray tracing and include:


Retrace error if the test and reference wavefronts deviate from the common path
condition due to misalignment or surface errors.



Imaging distortion caused by non-linear mapping between the test surface and
interferogram. Most common with fast reference spheres and null optics.

Physical optics effects arise from propagation of the wavefronts. They include
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Diffraction effects from out of focus wavefronts, characterized by Fresnel diffraction
and Talbot imaging theory.



Morphing of Zernike errors with beam propagation.

Table 2 summarizes the advantages and disadvantages of these calibration methods.
Table 2: Comparison of self-calibration methods for Fizeau interferometers [28].
Calibration Method

Advantages

Disadvantages
 Solves for line profiles (multiple
profiles can be used to fit a surface
map)
 Requires additional optics
 Diffraction errors arise in sphere test
due to change in axial position for 1
configuration

Three flat/sphere test

 Absolute test of 3 flats/spheres with
one set of measurements

Three position test

 Absolute test of sphere
 No additional optics required
 Obtain full surface map

 Alignment of test surface is critical
 High quality rotation stage required
 Non-common path cat’s eye
measurement may add error

Maximum Likelihood

 Absolute test of flat/sphere
 Obtain full surface map

 Requires precise rotation/translation
of test part
 Computationally intensive

Random Ball Test

 Measurements are easy to perform
 Obtain full surface map

 Many measurements are required for
low uncertainty

 Measurements are easy to perform
 Obtain full surface map

 Requires precise rotation/translation
of test part
 Determination of axi-symmetric
errors can be computationally
intensive

Shear Test with Maximum
Likelihood

 Calibration of an aspheric wavefront
 Obtain full surface map

 Rotation of optic about the parent
axis can be difficult
 Computationally intensive
 Low order errors aren’t accurately
calculated

Reverse Optimization

 Calibration of aspheric wavefront in
non-null configuration
 Obtain full surface map

 Very computationally intensive
 Difficult to achieve nanometer-level
uncertainty

Shift-Rotate Test
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1.4

COMPUTER GENERATED HOLOGRAMS
A hologram is the interference pattern of two wavefronts recorded on a

photographic plate as shown in Fig. 2 [29]. When the recorded hologram is illuminated
with one wavefront, the second wavefront is produced with the correct amplitude and
phase.

Fig. 2: The creation of a hologram. a) A reference beam (collimated, red) and test beam
(diverging, green) are created. b) A photographic plate is placed at the intersection of the
beams. c) The interference pattern is recorded on the plate. d) The reference beam is
incident on the hologram. The output is the test beam.

The computer generated hologram (CGH) is a high-resolution, binary
representation of the hologram that would be produced by two interfering wavefronts
[30]. The CGH pattern can be modeled and optimized computationally rather than
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experimentally, allowing for complex wavefronts that would be difficult to create for a
photographically written hologram.

The binary CGH can also be thought of as a

diffraction grating where the frequency and orientation of the grating are a function of
position. Like a grating, a CGH has multiple diffracted orders. The zero order beam
passes through the CGH without any change to the wavefront except from the substrate.
The phase of first and higher order beams will be altered by the CGH pattern. The binary
pattern and diffracted wavefronts for an example CGH with tilt, power, and coma is
shown in Fig. 3.

Fig. 3: Top: Pattern for a binary CGH with tilt, power, and coma. Bottom: From left to
right, the wavefront phase from the zero, first and second diffracted orders.
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While binary CGHs do send some power into unwanted orders, the patterns can more
easily written, verified, and calibrated than those produced by traditional holograms using
current fabrication and characterization technologies (see Section 1.4.3) [31].
1.4.1

Types of binary CGHs
There are two main types of binary CGHs. Amplitude CGHs are created by

depositing a thin layer of metal on one side of a glass substrate. The metal is removed to
create the fringe pattern where the spatial frequency and orientation produces the desired
wavefront and the duty cycle determines the power in each order. The duty cycle can be
varied across the CGH pattern to change the power across the exiting wavefront.
Amplitude CGHs with a 50% duty cycle have a maximum 10% diffraction efficiency into
the first order, so they are typically used in systems where only one pass through the
CGH is required.
Phase CGHs are created by etching grooves into the glass substrate. Again, the
frequency and orientation of the grooves shapes the wavefront, but now the diffraction
efficiency is set by the height of the grooves, called the etch depth. Diffraction efficiency
into the first order can reach 40%, making phase CGHs better suited for use in doublepass. It is uncommon to purposely vary the etch depth across the CGH for logistical and
cost reasons, though the duty cycle could be varied to alter the outpour wavefront power.
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1.4.2

CGH Design Parameters
The required wavefront dictates the pattern on the CGH and the resulting phase

function can be modeled using ray tracing in optical design software. The phase can then
be converted into a binary pattern with the appropriate duty cycle. The CGH is designed
for a given substrate thickness, index, and source wavelength.

CGHs have large

dispersion so use with broadband sources should be avoided. However, there are a few
design parameters that are flexible. First, the CGH can be amplitude or phase. As
mentioned in the previous section, the diffraction efficiency into the first order can be up
to 4 times higher for the phase CGH, making it better suited for applications requiring
double pass. The writing error is comparable for the two types since the same writing
process is used, but phase CGHs can be more expensive due to additional fabrication
steps (see Section 1.4.3) [32]. Once the type is chosen, the duty cycle of an amplitude
CGH or etch depth of a phase CGH can be altered to change the distribution of power
among the diffracted orders. Fig. 4 lists the parameters and equations for calculating the
diffraction efficiency η for each order.

This analysis is especially important for

interferometry where the power in the interfering orders should be chosen to maximize
fringe contrast.
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Fig. 4: Equations for the diffraction efficiency η for the different orders of amplitude and
phase CGHs.

A tilt carrier can be added to the CGH so the unused orders can be blocked in a
Fourier plane. The tilt should be chosen based on wavefront slope of the surface under
test to achieve adequate separation of the desired orders in the Fourier plane [33].
Adding too much tilt to the CGH will decrease the pattern line spacing and increase the
cost of the CGH and the error in the wavefront. A higher diffracted order could be used
instead to decrease the line spacing if the optical power in that order is sufficient. A
power (focus) carrier and aperture in the Fourier plane can also be used to filter out
unwanted orders. Axi-symmetric CGHs are easier to fabricate and verify, but a small
amount of light from the others orders will be transmitted through the aperture.
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1.4.3

Fabrication of binary CGHs
The first step in CGH fabrication is to define the binary interference pattern. For

early CGHs, the desired fringe pattern was magnified, traced with plotters, and then
photographically reduced to the correct size [34]. CGHs are currently written with lasers
or electron beams developed by the semiconductor industry for high precision
lithography [35]. The technological advances in this industry plays a significant role in
the increasing use of CGHs in optical systems. Though the feature sizes are constantly
decreasing, the finite size of the writing beam requires that the patterns be digitized. The
combination of this discretization and uncertainty in the position of the laser results in 1015 nm RMS of writing error in the location of the fringes and typically contributes less
than 1 nm RMS of wavefront error [32,35]. Fig. 5 demonstrates a process for estimating
the writing error for a given CGH pattern.
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Fig. 5: Estimation of writing error in computer generated holograms [35]. a) The ideal
pattern is defined. b) The pattern is digitized by fitting simple polygons to the fringes.
This is the input to the laser writer. c) The fringe edges are extracted from the digitized
data and compared to the ideal position to estimate the expected writing error.

Once the pattern has been loaded into the laser writer, the CGH is fabricated using
the general process shown in Fig. 6. A layer of chrome and photoresist is deposited on a
glass substrate. The binary pattern is written into the photoresist layer using the laser
writer. The photoresist and chrome layers are developed and etched accordingly to create
an amplitude or phase CGH.
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Fig. 6: The fabrication process for amplitude and phase CGHs [38].
As the ability to fabricate smaller and more precise features on CGHs increases,
so does the complexity and accuracy of the wavefronts they create. Multiple patterns can
be written on a single substrate and patterns can be multiplexed to create multiple
wavefronts. The relative positions between the wavefronts created by a CGH are known
with very low uncertainty due to the accuracy in writing the patterns. These advantages
have led a wide variety of industries to adopt CGHs, including optical data storage [36],
display technologies [37], and optical testing [34,39-42].
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1.5

CGHS IN OPTICAL TESTING
In the field of optical testing, CGHs are commonly used as null correctors when

measuring aspheric surfaces. Fig. 7 shows a common configuration where a CGH is used
as a double pass null corrector to measure an aspheric test surface with a commercial
Fizeau interferometer.

Fig. 7: Fizeau interferometer with CGH null corrector [38].

The CGH is not in the common path for the test and reference beams, and so any
error it adds to the system must be quantified [32,38]. In some cases, a more complex
interferometer design is required, as in Fig. 8.
This system contains multiple non-common path components laid out in an offaxis geometry. Here, the CGH not only provides wavefront correction for the aspheric
mirror, but also includes patterns to align itself and other components within the test
system [39]. The alignment patterns take advantage of the accurate registration of the
wavefronts created by the CGH. A more detailed discussion of the alignment methods
that use CGHs can be found in Chapter 2.
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Fig. 8: Layout for the New Solar Telescope primary mirror interferometric test [39].

In many cases, errors in the interferometer are included in an error budget for the
measurement uncertainty rather than directly calibrated.

This places demanding

tolerances on manufacturing and alignment for the components. If a direction calibration
is required, the shift-rotate test with a surrogate sphere [22-24] or shear test [25] are
employed, as described in Section 1.3. However, the surrogate sphere calibration isn’t
quite right when applied to the aspheric geometry and the shear test cannot calibrate low
order errors.
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1.6

DISSERTATION OVERVIEW
In this dissertation, three novel uses of CGHs for alignment and calibration will

be introduced. Chapter 2 presents an overview of relating optical wavefronts created by
CGHs to mechanical data for accurate alignment of the wavefronts in space. Two novel
alignment methods are then described in detail in Chapters 3 and 4.
Chapter 3 describes a method for locating the CGH in an optical system. The
CGH contact Ball Alignment Tool (CBAT) is a simple instrument built from off-the-shelf
parts that can be used to align a ball in contact with the CGH surface to a Fresnel zone
plate pattern with micron level accuracy. The ball is bonded onto the CGH to provide
permanent, accurate registration between the optical wavefronts created by the CGH and
a mechanical reference. Measurements of multiple ball centers only can be used to locate
the CGH wavefront in space.
Once the CGH wavefronts are located in space, they can be used to align
additional components. Chapter 4 presents a procedure that uses CGHs to align optical
systems meters in length with low uncertainty and real time feedback. The CGHs create
simultaneous 3D projected references which are decoupled from the surfaces of the
optics, allowing efficient, accurate alignment even of systems that are not well-corrected.
The CGHs are Fresnel zone plates where the zero order reflection sets tilt and the first
diffracted order sets centration. The flexibility of the CGH design can be used to
accommodate a wide variety of optical systems and maximize sensitivity to
misalignments.
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Chapter 5 presents an enhanced calibration method for CGH-based Fizeau
interferometers. A “zero order” calibration is performed by replacing the asphere and
CGH with a master sphere and new CGH and performing a shift-rotate calibration.
When this zero order calibration is applied to the asphere measurements, there is some
residual error since the ray path for the test wavefront changes between the two
configurations.

An improved “first order” calibration uses multiple perturbed

measurements of the master sphere and the ideal departure of the asphere to calculate a
correction to the zero order map.

The improvement of the first order calibration over

the zero order calibration is a function of the aspheric departure and the errors introduced
by non-common path optics.
The conclusion in Chapter 6 reviews the important results and suggests possible
directions for future work.
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2

TRANSFER OF DIFFRACTIVE OPTICAL ALIGNMENT PATTERNS TO
MECHANICAL DATUM SURFACES

Computer generated holograms can be written with patterns that aid in the
alignment of components [39-43]. The ability to locate the CGH wavefronts in space
dramatically increases the efficiency and accuracy of the system alignment.

Many

techniques have been developed to locate optical wavefronts by transferring them to a
mechanical datum. In this section, an overview of the general classes of alignment is
presented along with a brief explanation of each method listed in Table 3.
Table 3: Summary of alignment methods.
Alignment Class

Method

Reference

Alignment of SMR to optical
system

Interferometer beam focus

[40]

Alignment telescope

[6]

Alignment of CGH to optical
system

Interferometer beam autoreflection

Locating CGH using a CMM

Locating CGH using a Laser
Tracker

Alignment telescope

[6],[7]

Substrate measurement with touch probe

[2]

Pattern measurement with optical probe

[41]

Substrate measurement with SMR contact

[3],[4]

Substrate tilt measurement using reflection

[4]

Transfer pattern using SMR (CBAT)
Project spots onto balls
Alignment of components to CGH
wavefronts

[40],[43]

Project spots onto cameras
Project patterns to align additional CGHs

Chapter 3
[40],[41]
[42]
Chapter 4
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These methods use two tools in particular to locate mechanical data in space.
Coordinate measuring machines (CMMs) use a touch probe to measure features with a
repeatability of 3 μm along a single measurement axis for mid-range models as shown in
Fig. 9 [2].

This uncertainty increases when multiple axes are used and when the

measurement volume increases. CMMs can measure a variety of geometries, but
mounting structure can block probe access to some features and the measurement volume
is limited by the size of the CMM. Laser trackers were developed as portable CMMs and
can be used over much larger volumes [3-4]. Laser trackers use two gimble angles and a
distance measurement to determine the 3D position of a sphere mounted retro-reflector
target (SMR), as in Fig. 10. Typical accuracies of 4 μm ± 0.8 μm/m can be achieved but
a line of sight is required from the tracker to the SMR.

Fig. 9: Tesa Microhite 3D CMM with touch probe [2]. Right image from
http://img.directindustry.com/.
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Fig. 10: Laser tracker measures the 3D position of an SMR using two angles (blue
shading) and one distance (red line). Image from www.faro.com.

2.1

ALIGNMENT OF SMRS TO OPTICAL SYSTEMS
An optical system is needed to generate a wavefront or define an axis that serves

as the alignment datum. Interferometers are a common way to create collimated or
spherical wavefronts, as in Fig. 11. A ball or SMR is aligned to the interferometer focus
by adjusting its position in three degrees of freedom to null the fringes in the
interferogram. Transverse misalignment Δx produces tilt fringes, given by
2  x
(1)
F
where N is the number of fringes, λ is the wavelength and F is the F-number of the
N tilt 

interferometer beam set by the reference optic. Axial misalignment Δz produces power
fringes, given by
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N power 

z
.
4  F 2

(2)

where N is the number of fringes, λ is the wavelength and F is the is the F-number of the
interferometer beam. This alignment can typically be performed to better than one fringe
but is limited by the SMR positioning mechanics for fast beams (<F/5) [40]. The ability
to judge a null fringe will limit the alignment accuracy for slower beams. Phase shifted
measurements could be collected to find smaller magnitudes of residual tilt and power,
allowing a better null to be achieved.

Fig. 11: Alignment of SMR to interferometer focus.
An alignment telescope can be used to align an SMR to an optical axis, shown in
Fig. 12. The telescope images an alignment pattern at an off-axis intermediate image
point to a distance set by the objective lens. The SMR is positioned near the focus and
aligned by adjusting its position to center the re-imaged alignment pattern on the reticle.
If the SMR center is displaced a distance Δx from the axis, it will reimage the alignment
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pattern to a virtual point 2Δx from the axis. The resulting displacement ε of alignment
pattern from the reticle center is



L
2x  2mx .
D

(3)

It is a function of the distance L between the alignment pattern and the objective lens of
the telescope and the distance D between the objective lens and SMR. The alignment
uncertainty is a function of D as specified by the telescope manufacturer [6]. The axial
position is not well controlled.

Fig. 12: Alignment of SMR to alignment telescope axis. The top layout shows the
location of the projected alignment pattern with respect to the ball center, displaced a
distance Δx from the axis. The bottom layout shows the location of the pattern a distance
2Δx from the axis after it is re-imaged by the SMR surface and the location of the pattern
when it is imaged onto the reticle.
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2.2

ALIGNMENT OF CGHS TO OPTICAL SYSTEMS
If a CGH is included in the layout, it also needs to be aligned to the optical system

datum. A CGH can be aligned to an interferometer wavefront using a pattern that acts
like a spherical mirror as illustrated in Fig. 13 [40]. Like the SMR, the CGH substrate is
aligned in three degrees of freedom to minimize tilt and power in the reflected beam.
Since the pattern acts like a spherical mirror, Equations (1) and (2) are still used to
calculate the number of tilt fringes from misalignment. Due to the symmetry of a sphere,
tilt fringes can also be nulled out by tilting the substrate instead of adjusting the
centration. The alignment accuracy depends on the width of the annular pattern, where
poor sampling can make it difficult to judge a null fringe, and the adjustment mechanics
for positioning the substrate [40].

Fig. 13: Alignment of CGH to interferometer beam with reflective alignment pattern.
CGH substrate is adjusted in three degrees of freedom to minimize tilt and power in the
reflected beam.
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An alignment telescope can also be used to align a CGH to an axis in tilt and
centration. In direct imaging mode, the alignment telescope images a pattern on the CGH
defining its center onto a reticle. The displacement ε of the alignment pattern from the
reticle center as a function of the distances in Fig. 14 is
L
x  mx .
(4)
D
Note the factor of 2 difference from Equation (1). It should be noted that most alignment



telescopes include that factor of two in their scale.
In autocollimation mode, the telescope images an internal alignment pattern to
infinity and the CGH substrate re-images the pattern onto the reticle. Basic schematics
are shown in Fig. 14. The displacement of the alignment pattern from the reticle center δ
is

  2 L .

(5)
Again, the alignment is limited by the instrument accuracy and adjustment mechanics for
the CGH [6].
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Fig. 14: Alignment of CGH with autocollimator in direct imaging and autocollimation
modes.
2.3

LOCATING CGHS USING A CMM
A CMM can be used to measure the position of optical and mechanical features

to an accuracy of a few microns with careful operation [2]. First, the touch probe can be
used to measure the position of the CGH substrate with respect to the mounting structure,
as in Fig. 15. To locate the pattern more accurately, an optical probe is mounted on the
CMM and measures the position of marks on the CGH relative to the center of balls
mounted on the structure. This schematic is also shown in Fig. 15.
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Fig. 15: Left: Measurement of substrate location with respect to datum ball using touch
probe on CMM. Right: Measurement of pattern location with respect to datum ball using
optical probe on CMM

2.4

LOCATING CGHS USING A LASER TRACKER
If the CGH position needs to be measured in a larger volume or in-situ, a laser

tracker is an ideal tool [3-4]. The laser tracker can measure the location of the substrate
by contacting it directly with an SMR. However, as the distance between the tracker and
CGH increases, the uncertainty in the orientation of the CGH surface also increases due
to the smaller angular separation of SMRs on the substrate. To improve the angle
measurement, the tracker beam is reflected off the CGH substrate before hitting the SMR.
The apparent SMR position is behind the CGH substrate. A second measurement is
collected with the tracker pointed directly at the SMR. The vector between the two
positions is calculated, which by mirror symmetry, is parallel to the CGH surface normal
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that defines the orientation [4].

This measurement is limited by the laser tracker

uncertainty.

Fig. 16: Left: Measurement of substrate location with laser tracker by contacting it
directly with SMRs. Right: Measurement of substrate angle with laser tracker using
direct and indirect measurement of one SMR.

These measurements of the substrate do not accurately locate the pattern itself. A
new method to locate the pattern of a CGH using SMRs aligned to specific locations on
the pattern is introduced in this dissertation. Refer to Chapter 3 for more details.
2.5

ALIGNMENT OF COMPONENTS TO CGH ALIGNMENT MARKS
Once the CGH is aligned to a wavefront or optical axis, additional components

can be aligned to the CGH itself. The CGH can be written with multiple types of patterns
to project alignment marks [40-45]. A test surface is aligned to the projected marks using
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feedback from datum features attached to its surface. Fig. 17 shows a layout where balls
are used as the datum features. Like several of the previous methods, the test surface
position is adjusted to align the ball centers to the focused spots. The free space Ball
Alignment Tool can be used to quantify the alignment of the balls to the focused spots
[40-41] and is described in more detail in Section 2.6.

The alignment uncertainty

increases for slower beams.

Fig. 17: Alignment of test surface to CGH wavefronts by aligning balls to projected
spots.
The balls can be replaced with cameras and the test part is positioned to align the
projected marks to their ideal locations on the camera sensors [42]. The ideal locations of
the marks on the cameras are determined using optical models and as-built measurements
of the cameras and test surface with an optical probe on the CMM. The marks can be
accurately centroided to fractions of a pixel, so calculation of the ideal mark locations
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and adjustment mechanics of the test surface will limit the accuracy. This layout is
shown in Fig. 18.

Fig. 18: Alignment of test surface to CGH wavefronts by aligning projected spots to ideal
location on cameras.
CGH projected marks can also be used to align additional CGHs.

A novel

procedure using CGH references to align optics in four degrees of freedom is discussed in
Chapter 4.
These methods provide accurate measurement of the lateral position and clocking
of the test surface, but not the axial position. Metering rods or additional laser tracker
measurements can be used to measure the axial position [2].
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2.6

FREE SPACE BALL ALIGNMENT TOOL (FBAT)
The previous section described a method to align datum balls to projected

alignment marks. The Free Space Ball Alignment Tool (FBAT) is a tool used to quantify
the lateral alignment of the ball to the projected mark [40-41]. The FBAT is used to
measure the alignment of balls mounted meters from CGH, which is too large a volume
to use the optical CMM with probe described in Section 2.3. The basic layout is shown
in Fig. 19. The FBAT is aligned to be perpendicular to the beam so the projected mark
position is not deviated. A reference spot on the detector is created by the reflection of
the beam from the rear surface of the beam splitter or a reference mirror. If a mirror is
used, the angle must be calibrated. An alignment spot is created by the reflection of the
beam from the ball surface. The ball is aligned to the projected mark by shifting it to
align the test spot to the reference spot on the FBAT detector. The uncertainty in the
lateral alignment is a function of the F-number of the beam and the ability to centroid
overlapping spots on the detector [41]. The axial alignment must be set with another
method like metering rods.

2.7

SUMMARY
The alignment methods presented in this section are each suited for specific

configurations and accuracies. When implemented together, they can allow for accurate
alignment of very complex systems [42-43]. However, as these techniques are better
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understood and implemented, even tighter requirements are imposed. For some systems,
even the most accurate the alignment methods presented in this Chapter are not sufficient.

Fig. 19: The free space Ball Alignment Tool (FBAT). a) A datum ball is placed near the
projected mark. b) The FBAT is aligned to the beam. c) The spots are not coincident for
a misaligned ball. d) The ball is aligned when the spots are coincident.
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3

LOCATING COMPUTER GENERATED HOLOGRAMS USING

PRECISION ALIGNMENT OF SPHERE MOUNTED RETRO REFLECTORS TO
FRESNEL ZONE PLATE FEATURES

Similar to several methods presented in Section 2, the CGH contact Ball
Alignment Tool (CBAT) gives micron-level alignment of a ball to the focus of a
converging beam created by the CGH. However, unlike the FBAT, the ball is bonded
directly onto the CGH substrate and at a specific location, providing accurate location of
the CGH wavefront using only measurements of the ball centers.
3.1

CONCEPT
The CBAT is used to align the center of a ball to the first order focus of a Fresnel

zone plate whose location with respect to other pattern features is well known. The FZP
creates an ideal image point on axis and its center is written with sub-micron precision
for accurate registration to other patterns. The FZP’s focal length is chosen to be equal to
radius of the ball, so the transmitted first order beam focuses approximately at the ball
center, as in Fig. 20. First a collimated beam is aligned to be normally incident to the
CGH surface. The retro-reflected zero order beam is the reference. The first order
transmitted beam reflects off the ball surface. If the ball is centered on the focus, the
beam is retroreflected, re-collimated by the FZP, and parallel to the reference beam. If
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the ball is decentered, the reflected cone and re-collimated beam are tilted with respect to
the reference beam.

Fig. 20: Left: the ball is decentered from the FZP. There is tilt between the reflected
beams. Right: The ball is centered on the FZP. The reflected beams are
parallel.
The angle between the beams can be measured by counting tilt fringes in an
interferogram. If the interferogram has diameter D with N fringes across it and source
wavelength λ, the angle between the beams is
 N
 Dbeam

 


.


(6)

The angle can also be measured by bringing the beams to focus and measuring the
distance between the spots. If a lens of focal length f is used to bring the spots to focus
like in Fig. 21 and d is the spot separation on the detector, the angle is
 d
 flens

 


.


(7)
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Fig. 21: A lens brings the beams to focus. Lens focal length f and spot separation d are
used to calculate the angle between the beams.
The ball decenter Δ can calculated from the angle between the beams θ and the
focal length of the Fresnel zone plate’s first order using


  f FZP
2



N  f FZP N  F / #
.

2 Dbeam
2

(8)

For a given ball decenter and beam diameter, a shorter focal length FZP produces
a larger θ, improving the ability to measure small decenters. For a ball decenter of 1
micron with an f = 6.35 mm FZP, the angle between the beams is 0.31 mrad. This
corresponds to 2.5 fringes across a 5 mm interferogram with HeNe source, or a 16 micron
spot separation with a 50 mm focal length lens. Both are fairly easy to detect, though the
expected spot diameter due to diffraction and aberrations should be taken into account
when using a lens.
3.2

DESIGN
The CBAT requires a collimated beam, beam splitter, and detector. This simple

layout is illustrated in Fig. 22. A point source placed at the focus of a lens creates the
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collimated beam. The beam is transmitted by the beamsplitter and reflects from the CGH
and ball surfaces. Both beams reflect again at the beam splitter and propagate to the
detector where the interferogram is recorded. Ghosts from the beam splitter need to be
minimized to avoid spurious fringes in the interferogram. Even with an AR coating, a
cube beam splitter creates significant ghosts. A pellicle beam splitter was used instead.
The reflected beams are common path, so when the pellicle vibrates the fringes will be
stable.

Fig. 22: Simple CBAT Layout.

Additional optics can add useful features in the CBAT. As mentioned in Section
3.1, a lens can bring the beams to focus on the detector to measure the spot separation.
However, if the detector is defocused from the focal plane, interference fringes are seen
again. Spurious fringes from other orders of the CGH will alter the interferogram with or
without the lens. To mitigate this, an aperture can be placed at the focus of the lens to
block the majority of the other FZP orders. The aperture does allow the very central
portion of the other orders through, but the spurious fringes will be confined to a small
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region in the center of the interferogram and can be filtered out. Though there will still
be some high spatial frequency spurious fringes, for fast FZPs they will be axially
symmetric and confined to a small region at the center of the interferogram and can be
filtered out in processing. A tilt carrier could be added to separate the orders at the focal
plane, but there is a limit on the minimum line spacing for CGH fabrication. Fast FZPs
(~F/1) already approach that limit, so adding tilt requires very precise writing, or a longer
focal length FZP and larger ball. A FZP with tilt is equivalent to an off-axis piece of a
larger FZP, so the ball will still be centered on the FZP axis, but not necessarily on the
pattern.

The lens can also be used to image the CGH onto the CCD with some

magnification to eliminate Fresnel ringing.

The magnification does not change the

fundamental alignment sensitivity of the CBAT, but maximizing the number of pixels
across the interferogram can improve data processing (see Section 3.3).
A second lens can be added to create an afocal relay. The afocal relay contains all
the advantages of a single lens, but provides a second degree of freedom to control the
imaging conjugates and magnification. A prototype CBAT with afocal relay was built
using COTS parts totaling around $2000. The layout is shown in Fig. 23. Note a
removable third lens was added just before the camera to image the aperture onto the
CCD, acting as an alignment mode.
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Fig. 23: Left: Layout of prototype CBAT with afocal relay. Right: Prototype CBAT built
from COTS parts. Inset shows removable lens for alignment mode.
3.3 EXPERIMENTAL RESULTS
A CGH with a grid of phase-etched FZPs with focal lengths of 6.35 mm was
manufactured to test the prototype CBAT performance. This focal length matches the
radius of a ½” ball or SMR. A ½” silicon nitride ball was glued to a post and mounted on
a stack of 3 flexure based stages with differential micrometers. Silicon nitride was
chosen for its hardness, smooth surface finish, and reflectivity. The ball position is
adjusted with the stages to null out the tilt fringes in the interferogram recorded by the
CBAT.

The Fourier transform of the interferogram is calculated, a threshold is set to
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filter out the background high spatial frequency content, and the lowest spatial frequency
data is also removed (the result of non-uniformity in the beam profile for our particular
CGH, see Section 3.4.3). Then the spatial frequency of one of the symmetric peaks is
computed using a weighted centroid. A sample data set is shown in Fig. 24.

Fig. 24: a) The raw interferogram for a decentered ball. For our particular CGH, there is
non-uniformity in the illumination, though the fringes have high contrast in the central
region. High spatial frequency content from the other CGH orders can be seen at the
center. b) The Fourier transform of the interferogram.

Once the spatial frequency of the tilt fringes is measured, the ball decenter is
given by Equation (8), where the number of fringes divided by the beam diameter is
replaced with the spatial frequency.
For the data shown in Fig. 24, λ = 0.6328 μm, SF = 1.83 cyc/mm, fFZP = 6.35 mm,
m = 0.5, and Δ = 1.84 microns. The afocal relay magnification should be chosen to
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maximize the number of pixels across the interferogram to increase the spatial frequency
resolution of the Fourier transform and decrease the uncertainty in the tilt angle.
Clearly we can produce a better null than Fig. 24, provided there is sufficient
adjustment resolution on the stages. However, there is a limit to the ability to detect a
null fringe, both visually and with Fourier analysis. Based on the data shown in Fig. 25,
we are confident that a visual null fringe corresponds to a ball decenter of < 1 micron, but
cannot provide an exact value. Even though there is limitation on measuring small
decenters, an alignment uncertainty of 1 micron is more than sufficient for most
applications.
To test the alignment accuracy of the CBAT, the ball is aligned to produce a null
fringe, then decentered along a single axis use one stage. The differential micrometer
reading and interferogram are recorded at discrete points and plotted in Fig. 26. We
expect a line with a slope of 1 and an intercept of 0. It should be noted that the ball used
for this particular test had a diameter of 3/8” rather than ½”. The smaller ball was chosen
to avoid contact friction between the ball and CGH which would prevent 1:1 motion.
The measured slopes are 1.04 and 1.06, likely due to error in the measured afocal
relay magnification. There are also non-zero intercepts, which means when we started
with a “null fringe” there was actually some tilt in the orthogonal direction. The offset is
0.36 μm and 0.16 μm, which is consistent with our ability to detect a null fringe to <1
micron. Note there are no data points between ± 1 μm where the fringe spatial frequency
cannot be determined.
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Fig. 25: a) Measured ball decenter = 1.83 microns. b) Measured ball decenter = 1.40
microns. Tilt fringe peaks in FT are beginning to overlap with low spatial frequency
illumination content. c) Ball decenter is too small to be measured by counting fringes or
using Fourier analysis. Visually, it is clear that the alignment is at least a factor of 2
better than b), corresponding to < 1 micron of decenter, but the exact amount cannot be
determined.
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Fig. 26: A plot of micrometer reading versus ball decenter for two trials. The dominant
uncertainty is the error in the micrometer reading (graduation = 1 μm, uncertainty = 0.5
microns).
Since a null fringe corresponding to < 1 micron of ball decenter can be repeatedly
achieved, the random uncertainty in the CBAT alignment is < 1 micron. If there was a
bias in the initial alignment that was compensated for, clocking the CBAT without
disturbing the ball-CGH cavity would remove that compensation and add tilt fringes,
providing a measure of fixed error. To quantify the fixed error, the ball is aligned to the
FZP using the CBAT, the CBAT is rotated about an axis perpendicular to the CGH,
realigned in tilt, and an interferogram is collected. The CGH-ball cavity was measured at
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0, 90, and 180 degree clockings of the CBAT. As seen in Fig. 27, all three measurements
show null fringes, so the fixed error is also < 1 micron.

Fig. 27: a) Ball is aligned to FZP using CBAT at 0 degree clocking. B) CBAT is rotated
90 degrees and realigned in tilt, CGH and ball are undisturbed. Measurement is still a
null fringe. C) CBAT is rotated another 90 degrees (180 total) and realigned in tilt.
Measurement is still a null fringe. Since all three measurements have a null fringe, the
bias in the CBAT is < 1 micron.

With random error < 1 μm and fixed error < 1 μm, the total alignment uncertainty
is < 1.4 μm.
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3.4

SOURCES OF ALIGNMENT UNCERTAINTY
The alignment uncertainty is dominated by the ability to measure a null fringe.

However, there are a few other sources of error that should be considered.
3.4.1

Wavefront Error in CBAT
Aberrations in the beam wavefront will only cause alignment error if there is tilt

between the reflected beams for an aligned ball. Symmetric aberrations like power and
spherical will not cause centration error, but couplings of multiple aberrations could
produce a bias or distort the fringes, increasing the uncertainty in the measurement of
their spatial frequency. Since the beams are effectively common path except for the
cavity between the CGH and ball surface, this effect is small. The error can be quantified
using ray tracing code or the uncertainty can be measured directly using the clocking
method described above. For example, if there is half a wave of coma in the incident
beam of the prototype CBAT, a ray tracing code calculated that the interferogram for an
aligned ball will have 0.08 fringes P-V, primarily power and spherical, resulting in
negligible centration error.
3.4.2

Alignment of CBAT beam to CGH surface
The beam created by the CBAT is meant to be normally incident on the CGH

surface. To achieve this condition, the CBAT is calibrated with a corner cube, simulating
a retro-reflection from the CGH surface. The aperture in the afocal relay is adjusted so
that it is centered on the intermediate image created by the corner cube then fixed in
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place. The corner cube is removed, and the CBAT is aligned to the CGH such that the
zero order reflection passes through the aperture.
There is a limit to our ability to align the CBAT to the CGH such that the beam is
normally incident. To first order, tilting the incident wavefront does not affect the ball
alignment. However, as the incident tilt angle increases, a small amount of tilt between
the beams will couple in due to field aberrations and the substrate, causing some fixed
alignment error for the ball. For an incident angle of 5 degrees, which is easy to achieve,
a ray tracing simulation calculated the difference in Zernike tilt for a 5 mm diameter
beam to be 0.03 waves, producing negligible centration error.
3.4.3

CGH Quality
The CGH substrate is common path, so wedge and other substrate errors will not

cause alignment error. However, figure error on the CGH surface will alter the wavefront
of reflected beams more than transmitted beams. The figure error over the FZP area is
small and is unlikely to introduce significant bias. Error in the writing of the CGH is also
small and very unlikely to cause a net tilt or power carrier that would add bias.
While it does not directly cause alignment error, fringe contrast is crucial to
CBAT performance. The CGH can be amplitude or phase-etched, and should be chosen
based on the relative power in the zero and first orders to maximize contrast. If phaseetched is chosen, an error in the etch depth may degrade the fringe contrast and increase
alignment uncertainty. Variations in the etch depth will cause non-uniform contrast in
the interferogram. In the CGH used with the prototype CBAT, the etch depth varied near
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the edge, causing a significant decrease in the fringe contrast (see Section 3.3). This nonuniformity decreased the effective diameter of the FZP from 6 mm to just over 2 mm.
For a given ball decenter, a larger beam diameter produces more tilt fringes (Equation
(6)), making it easier to see deviations from a null fringe. However, even with the
smaller effective diameter, micron-level alignment of the ball was achievable.
3.4.4

Ball Quality
Balls are typically specified with tolerances on diameter, sphericity, and

roughness. For a ball in contact with the CGH surface, an error in ball diameter will
axially shift the ball center and add power fringes to the interferogram. Power fringes do
not fundamentally limit the ability to center the ball, but can make it more difficult to
detect the presence of a small number of tilt fringes. Returning to the picture of the ball
as a spherical mirror, if the ball has diameter error ΔR, the re-imaged FZP focus is
displaced by 2ΔR, where ΔR<<R. There is power in the re-collimated beam, and the
number of fringes in the interferogram as a function of the diameter error is given by
NumPowerFringes 

D 2 R
4 R 2

(9)

where D is the diameter of the beam, λ is the wavelength of the source, R is the nominal
radius of the ball. A grade 50 ball with diameter error of 0.0002” will produce just over
1 fringe of power in a 5 mm diameter interferogram, which may affect the centration
accuracy. A standard SMR has a diameter tolerance of 0.0001”, resulting in 0.6 fringes
of power in the interferogram, which should allow for micron level centration [47].
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Sphericity will add irregularity to the fringes, but is often an order of magnitude smaller
than the diameter error.
Surface roughness can have a significant impact on the quality of the fringes.
Worn balls or SMRs with a large amount of scratches and dents will create high spatial
frequency features or wash out fringes all together. A smooth, reflective finish is critical
to achieve low alignment uncertainty.

Fig. 28: Left: Return from hardened stainless steel ball, grade 100. Center: Return from
½” silicon nitride ball, grade 5. Right: Return from new SMR (PLX BMR 0.5-5) [47].
Full 7 mm aperture shown, only high-contrast central 2 mm is used for data analysis.
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3.5

IMPLEMENTATION IN DANIEL K. INOUYE SOLAR TELESCOPE (DKIST)
PRIMARY MIRROR OPTICAL TEST
In order to serve as a permanent reference for the CGH, the ball needs to be

attached to its surface. The ball cannot be bonded directly onto the CGH or the adhesive
could interfere with the reflected wavefront. Instead, the ball is bonded into a cylindrical
collar. The ball and collar are held in a fixture attached to the stages, and aligned to an
FZP using the CBAT. Once the ball and collar are aligned the collar is bonded to the
CGH using a UV curing adhesive and the fixture is removed. A second interferogram is
collected to quantify any drift during bonding. The bonding procedure is outlined below,
and certain steps are shown in Fig. 29. For the DKIST optical test, the ball is replaced by
an SMR tilted nominally 35 degrees from the CGH surface normal, though the procedure
remains the same.
Fig. 30 shows the CBAT interferogram throughout one trial of the bonding
process. The initial centration is < 1 micron, but after 5 minutes of curing under a 100 W
lamp the fixture is removed and the centration drifts to 2.4 microns. The alignment
fixture must have some compliance so the ball and collar can contact the CGH, yet this
compliance allows drift during curing.
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1.

Machine a collar with a slip fit ID = ½”. A cutout may be necessary
for a tilted SMR.

2.

Set the adhesive thickness between the collar and CGH by placing an
annular piece of shim stock equal to the desired thickness on a
surface plate. Press the SMR into the collar until it makes contact
with the plate.

3.

Temporarily superglue the SMR into the collar with three small dots.

4.

Mount the SMR and collar in the split ring alignment fixture on the
flexure stages. It is important that the alignment fixture is stable, but
had some compliance to allow the collar and ball to contact the
CGH. Shim or microspheres can be used to ensure the gap is even.

5.

Roughly align the SMR to the FZP using the CBAT. This minimizes
the amount of adjustment needed once the adhesive is applied.

6.

Back off the fixture and apply UV curing adhesive to the collar only.
Mechanical stops can be used to mark the position of the fixture
before it is moved.

7.

Realign the SMR to the FZP with the CBAT to obtain a null fringe.

8.

Cure the adhesive.

9.

Quantify any drift from bonding by collecting a second
interferogram with the CBAT.

10. If needed, use acetone to remove superglue and rotate SMR in collar.
A slip fit between the collar and SMR will ensure alignment is
maintained if the SMR is rotated.

11. Once the SMR orientation is acceptable, bond it in collar.

Fig. 29: Steps in the
bonding process
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Fig. 30: Measurements of the SMR alignment during the bonding process. The initial
misalignment is < 1 micron, but drifts to 1.2 μm after 60 seconds or curing under a 100
W lamp and 1.8 μm after 5 minutes. When the fixture is removed, the final misaligned is
2.4 μm. This is a result of our specific procedure, not a fundamental limitation.

3.6

CONCLUSION
Precise alignment of computer generate holograms requires the relation of optical

wavefronts to mechanical data. The CBAT is a simple tool built from off-the-shelf parts
that can be used to align a ball or SMR to a Fresnel zone plate pattern on a computer
generated hologram with micron level accuracy. Once the ball is bonded to the CGH, it
provides permanent, accurate registration between the optical wavefront and a
mechanical reference. The alignment is straightforward, efficient, and insensitive to
error, but a good quality ball is needed for high contrast, straight fringes and a wellcontrolled bonding procedure is critical to maintain the initial alignment accuracy.
Experiments with a prototype CBAT have demonstrated an alignment uncertainty of less
than 1 micron. A bonding procedure was described, and a test run measured the drift
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after curing to be 2.4 microns. The bonding procedure will be revised to improve
stability and maintain the micron-level alignment of the SMR.
This chapter discussed the alignment of a single ball to a single FZP. However, if
the CGH is written with 3 FZPs and a ball is aligned to each with the CBAT, the location
of the CGH wavefront of interest can be determined in 3D using only measurements of
the ball centers. The three balls can fit into a kinematic mount to position the CGH
within the optical system, or if the balls are replaced with spherically mounted retroreflectors (SMRs), a laser tracker can measure the CGH location directly. The final
alignment uncertainty of the CGH will depend on the uncertainty of the mechanical
interface or laser tracker measurement.
The CBAT will be used for future projects at the University of Arizona requiring
precise alignment of computer generated holograms, both for initial bonding of SMRs to
CGHs and to track their alignment in situ. Most of these tests require CGH substrates
that are 6” to 9” square and mounted in a test system tens of meters in length. This leaves
ample room for bonding SMRs in collars onto the CGH substrate, as well as a line of
sight for a laser tracker. This method can be scaled down for smaller systems requiring
low uncertainty alignment, space permitting.
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4

ALIGNMENT OF COMPUTER-GENERATED HOLOGRAM REFERENCES
Alignment tolerances can be a limiting factor in the performance of some optical

designs. Systems for astronomical telescopes, lithography, and high energy lasers may
require the alignment of multiple components with micron-level accuracy over many
meters. The goal of this procedure is to align axi-symmetric aspheric optics in four
degrees of freedom, two each in tilt and centration with low uncertainty [46].

Rather

than use the optical surfaces, the alignment data is transferred to an external reference - a
computer generated hologram written to an optical flat with a reference mark at the
pattern’s center. This decoupling of the CGH reference from the surfaces of the optics
allows accurate alignment even of systems that are not well-corrected.
4.1

CGH ALIGNMENT PROCEDURE
The CGH is rigidly mounted to the optic such that the CGH surface normal

represents the tilt of the optic and the reference mark represents the optical axis. The
CGHs must be accurately aligned to the optical surfaces for an accurate datum transfer.
Mechanics are be used to relate the CGH wavefronts to a mechanical datum as presented
in the previous 2 chapters. The ideal alignment case requires the reference mark at the
center of each CGH pattern be coincident with a single axis and the surface normal of the
CGH be parallel to that axis.
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4.1.1

Computer Generated Holograms
This procedure makes use of the ability of CGHs to project marks for alignment

[39-40]. The CGHs in this procedure are decoupled from the optical surfaces and are
designed simply to act like lenses, though they are preferable to lenses for two main
reasons. First, the CGH patterns are created using a laser writer for photomasks and a
center reference mark is written with sub-micron precision. It is difficult to measure the
center of a lens to the same accuracy. Second, multiple patterns can be combined on a
substrate, so a single CGH can act like two lenses with the same axis but different focal
lengths.
The CGHs in this procedure use two types of patterns. CGHA consists of two
concentric FZPs with different focal lengths and CGHB contains only one FZP. While
the axial spacing of the CGHs is likely constrained by the optical and mechanical design,
the focal lengths of the FZPs are degrees of freedom. These focal lengths can be chosen
to increase sensitivity to centration error.
The CGHs can be phase etched, chrome-on-glass, or a combination. Their design
allows flexibility for the intensity in each diffracted order, as discussed in Chapter 2.
The desired intensity in the zero and first orders specifically and the wavelength range of
the source must be considered when choosing the etch depth or duty cycle of the CGHs.
The non-CGH side of the substrate is anti-reflection coated to avoid unwanted ghosts.
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4.1.2

Alignment of CGHs to Optical Surfaces
This procedure aligns CGHs, which must also be individually aligned to an

optical surface to achieve the desired system performance. For an aspheric mirror, there
is a single optical axis. The CGHs must be aligned to the optic such that the center of the
CGH pattern is coincident with the mirror’s optical axis and its surface normal is parallel
to the mirror’s axis, as in Fig. 31.

Since this procedure is not meant to set the axial

spacing, the CGH center mark need not be coincident with the mirror’s vertex.
To align the CGH to the optic, the optic is mounted on a rotary bearing. Its tilt
and centration are adjusted until the optical axis is coincident with the bearing’s
mechanical axis. This can be done by placing the optic under an interferometric test and
minimizing the change in the measurement as the part rotates. Then the CGH is mounted
in the center of the optic and independently positioned to minimize lateral and angular
runout. Once the optic and CGH are both aligned to the bearing axis, they are aligned to
each other and the CGH is fixed in place. This alignment can be performed to submicron accuracy, limited only by the quality of the bearing and the precision of the
mechanics and diagnostics.
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Fig. 31: A rotary bearing is used to align the CGH to the optical surface. a) The CGH is
aligned in tilt only. b) The CGH is aligned in centration only. c) The CGH is aligned in
tilt and centration.
For a specific implementation of this procedure, the fixture holding the CGH in
the central hole has SMR nests permanently bonded on [48]. An optical CMM was used
to measure the position of marks on the CGH pattern to the SMR locations as described
in Section 2.3. This allows the CGH and thus the optical surface to be roughly located in
the system using a laser tracker. The hardware is pictured in Fig. 32.

Fig. 32: Registration of alignment marks on CGH to ball and SMR datum features on
mechanical structure using an optical CMM.
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The error analysis in Section 4.2 applies to the CGHs only. Error analysis for the
optical surfaces as a result of misalignment between the CGH and optic is outside the
scope of this work. Once the system is aligned, an additional test using the optical
surfaces can be used to quantify the effect of the CGH-optic misalignment on the system
performance.
This procedure is well suited for aligning axi-symmetric optics with central holes.
For off axis systems or those without central holes, a set of CGHs can be mounted at the
edge of the optics and aligned, but a second set of CGHs is needed to control clocking of
the optics about the axis of the first set.
4.1.3

Alignment Procedure
Once the CGHs are individually aligned to the optics, the CGHs are aligned to

each other in centration and tilt. For the ideal alignment, the center mark of each CGH is
coincident with a single axis and the surface normals are parallel to that axis. Since the
CGHs are written onto plane parallel plate substrates, an autocollimator is a convenient
reference to set the tilt. The autocollimator measures the angle between the zero order or
specular reflection from the CGH surface and the incident beam. The angle of the CGH
(or the autocollimator) is adjusted until the incident and reflected beams are parallel,
meaning the beam is normally incident on the CGH surface.

The autocollimator beam

provides an external datum for tilt and the CGHs are aligned individually with all the
others removed, so a misalignment of one CGH will not propagate. To avoid disturbing
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the alignment when one is removed, the CGHs must be mounted using stable, kinematic
interfaces.
Once the CGHs are aligned in tilt, they are aligned pair-wise in centration.
Section 4.1.1 described a two zone CGHA that creates two focal points, called the “near
spot” and “far spot”. The CGHA pattern and the axial layout are shown in Fig. 33.

Fig. 33: CGHA has concentric inner and outer regions that create the near spot and the far
spot respectively. The outer CGH is an annulus and does not overlap the inner CGH.

CGHA is illuminated with the same autocollimator beam, approximately centered
on the CGH pattern. The alignment axis is defined by the near and far spots, but it also
passes through the center of the CGH pattern because the FZPs are concentric. This
holds even if the autocollimator beam is not normally incident on the CGH. Thus, using
CGHA to define the alignment axis means it cannot be decentered. This assumes the
autocollimator beam has a well-corrected wavefront, since asymmetric aberrations like
coma will introduce different amounts of tilt across the inner and outer zones and cause
centration error, as discussed in Section 4.2.2.
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CGHB is inserted between the near and far spots and its +1 order images the near
spot onto the plane of the far spot. When CGHB is decentered, the image of the near spot
is displaced from the far spot, as in Fig. 34. CGHB is adjusted until the image of the near
spot is coincident with the far spot, meaning CGHB is centered on the alignment axis.

Fig. 34: The +1 order of CGHB images the near spot onto the plane of the far spot to
perform the centration alignment. a) The spots are displaced by  when CGHB is
decentered by Δs. b) The two spots are coincident for a centered CGHB. The rays from
the outer zone of CGHA, which forms the far spot, are blocked in this step (see Fig. 35),
but are shown here for reference.
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The relationship between CGHB misalignment (Δs) and the spot misalignment
(  ) in terms of the distances in Fig. 34 is

 ab 
  s 1  m 
 a 

  s 

(10)

where m is the magnification of CGHB. The generalized relationship between motion of
an optic and the resulting image motion is provided by Burge 2003 [49]. The sensitivity
to misalignments can be increased by choosing FZP patterns such that b/a > 1. If
multiple CGHBs are needed, they will have different sensitivities which decrease with
distance from CGHA (the distance a + b is fixed by the design of CGHA). As a result,
CGHA should be placed on the end of the optical system with the tightest centration
requirements. In addition, if there is a constraint on the position of the alignment axis
with respect to some other feature, CGHA can be positioned accordingly. Note that the
same beam is used to define the alignment datum for tilt and centration. This choice
produces lower uncertainty than two separate data, which would have to be aligned in
angle very precisely.
This procedure is not meant to set the axial spacing of the CGHs. Errors in the
axial spacing will not affect the tilt alignment, but will cause the far spot and re-imaged
near spot to be out of focus in the ideal far spot plane. Small amounts of defocus will still
yield circular spots that can be accurately centroided. The amount of allowable axial
misalignment will depend on the system geometry, but is on the order of millimeters for
slow systems.
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Two instruments are required to perform the alignment.

The first is an

autocollimator, which sets the tilt alignment and creates the alignment axis for centration.
The second is a focal plane where the separation between the far spot and the re-imaged
near spot is measured for the centration alignment.
A custom autocollimator was built from off-the-shelf parts with two specific
features [46]. First, a narrow line width source was used to minimize the chromatic
effects from the CGHs. Second, an iris was added to adjust the output beam diameter.
As shown in Fig. 33, the FZP that creates the far spot is an annulus surrounding the FZP
that creates the near spot. Once the location of the far spot centroid is recorded in the
focal plane, the autocollimator beam can be stopped down, creating the near spot only.
This is helpful for centering CGHB (see Fig. 34) since it is easier to align a single
centroid to a known position than to measure the distance between the centroids of
overlapping spots.
The autocollimator must be calibrated to find the reference angle for a correctly
aligned CGH, where the surface normal is parallel to the alignment axis/autocollimator
beam. To set this reference, a corner cube is used to retroreflect the outgoing beam
which simulates a normal reflection from a surface and the centroid of the focused return
beam is recorded in the autocollimator focal plane. This calibration requires a high
quality corner cube that is well centered on the beam.
The centration error of CGHB is measured in the focal plane with a bare detector
or an optical system with magnification to increase sensitivity. The accuracy of the
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centration alignment depends on the resolution of the focal plane, the magnification of
the optical system, the size/quality of the spots being centroided and the CGH mechanics.
To maximize sensitivity, an optical system was built from an infinity corrected
microscope objective and tube lens to obtain a favorable magnification with a CCD
camera at the re-imaged focal plane [46].
The focal plane measures relative displacements so the test does not rely on
accurate calibration.

Any error in the knowledge of the magnification becomes

negligible when the spots overlap. The focal plane should be aligned so the sensor is
nominally perpendicular to the alignment axis and both spots are centered in the field of
view to minimize aberrations. Small amounts of sensor defocus will not affect the
centroid location as long as the autocollimator beam wavefront is well corrected. The
step by step procedure to align the CGHs is shown in Fig. 35.
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Fig. 35: The step by step procedure to align the CGHs in tilt and centration. For a system
with three or more optics, after aligning the two CGHs, remove the first CGHB and
repeat steps 5-7 to align additional CGHBs. These CGHBs which will have different
axial positions and FZP focal lengths so the near spot is re-imaged to the same far spot
plane.

86
4.2

ERROR ANALYSIS
The accuracy of the procedure depends on systematic errors in the components

and random errors from noise. Analysis is provided for the following error sources:

4.2.1



Autocollimator calibration



Autocollimator beam wavefront



Spot Centroiding



Resolution of alignment hardware



Repeatability of kinematic mounts



Wedge in CGH substrates



Writing error for CGH patterns



Atmospheric effects



Temperature effects

Autocollimator Calibration
The autocollimator is calibrated using a corner cube to simulate the reflection

from a CGH aligned in tilt. Errors in the corner cube and beam wavefront will bias the
calibration and create systematic alignment errors.
Real corner cubes often have a specified maximum angular error for a beam
exiting any of its six sub-apertures.

When the beam is centered on the corner cube

vertex, the error from each sub-aperture averages to zero. For an offset beam, the errors
will not cancel.

The total angular error for a decentered beam was calculated by
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weighting the sum of the vector angular error from each sub-aperture by the illuminated
area. Fig. 36 shows the angular error in the reflected beam normalized to the maximum
single sub-aperture error for small decenters.
The angular error in the corner cube calibration is
TiltError (CGHA, CGHB) 

 ( x)  E

(11)

2

where α(x) is the normalized angular error as a function of the beam diameter and offset
(see Fig. 36) and E is the maximum reflected error from a single sub-aperture. Since the
same calibration is used for all CGHs, the tilt error is correlated, as in Fig. 37. The CGH
surface normals are parallel to each other but not to the alignment axis.

Fig. 36: Plot of normalized angular error from a corner cube as a function of beam
diameter and offset.
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Fig. 37: Error in the corner cube calibration will cause a correlated tilt error in all CGHs.

The surface normal of CGHA can be chosen as the angular datum rather than the
beam direction. Then the tilt error becomes centration error

 ( x)  E  n  1 
  ( x)  E 
CentrationError (CGHB)  
d t


2
2


 n 

(12)

where d is the distance between CGHA and CGHB, t is the substrate thickness and n is
the substrate index of refraction. The second term is a correction due to the fact that the
CGHs have some thickness, but for thin substrates (<10 mm) and small beam angles (<
10 urad) it is negligible.
4.2.2

Autocollimator Beam Wavefront
Equations (11) and (12) must be modified if there are aberrations in the

autocolllimator beam. The calibration described in Section 4.1.3 records the centroid of
the focused return beam which will shift in the presence of asymmetric aberrations like
coma. The centroid shift, and the corresponding reflected angular error (θ), may be
complex but can be simulated in ray tracing code. The new tilt and centration errors are
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TiltError (CGHA, CGHB ) 

 ( x)  E  

  ( x)  E  
CentrationError (CGHB)  
2


(13)

2

 ( x)  E  n  1 

d t


2

 n 

(14)

where α(x) is the normalized angular error, E is the maximum reflected error from a
single sub-aperture, θ is the additional reflected angular error from the centroid shift due
to aberrations in the beam, d is the distance between CGHA and CGHB, t is the substrate
thickness and n is the substrate index of refraction. Only one of the above equations is
used in the error calculation, depending on the chosen angular datum.
Asymmetric aberrations will also cause different amounts of tilt across the inner
and outer zones of CGHA. Fig. 38 shows the mean tilt across each zone when there is
coma in the wavefront.

Fig. 38: a) The beam wavefront contains 1 wave RMS of coma. b) The wavefront is
split into the inner and outer zones of CGHA. Each zone wavefront can be expressed as
the sum of c) some aberration and d) the mean tilt. The mean tilt in each zone will cause
angular deviation of the wavefront.
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The mean tilt can be converted to the angle of the exiting wavefront with respect
to the alignment axis as



Ti 
Di

(15)



To 
Do

(16)

where α is the wavefront angle of the inner zone, β is the wavefront angle of the outer
zone, Di and Do are the diameters of the inner and outer zones respectively, Ti and To are
the peak-to-valley mean tilts in waves across the inner and outer zones, and λ is the
wavelength. Fig. 39 illustrates how tilt differences between the zones cause alignment
error for both CGHA and CGHB.
The tilt and centration errors in CGHA are

TiltError (CGHA) 

 fo   fi
f o  fi

  f   fi

CentrationError (CGHA)  f i  o
 
 fo  fi


(17)

(18)

where fi and fo are the focal lengths of the inner and outer Fresnel zone plates, α is the
wavefront angle of the inner zone, and β is the wavefront angle of the outer zone.
CGHB will have the same tilt error as CGHA (Eq (17)), but no centration error
with respect to the tilted alignment axis. If other aberrations cause wavefront tilt in the
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orthogonal direction, the tilt and centration error in each direction are calculated using the
previous formulas and the results are root sum squared.

Fig. 39: a) Coma in the autocollimator beam will cause a tilt α in the beam that creates
the near spot and a tilt β in the beam that creates the far spot. b) The displaced near and
far spots create a tilted alignment axis. CGHA has tilt and centration error. c) CGHB
only has tilt error.
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4.2.3

Spot Centroiding
The tilt reference from the autocollimator calibration and the far spot centration

reference are set by centroiding spots on electronic detectors. There will be random
errors in the measured centroid location due to the detector noise, vibrations, air currents,
spot quality and other sources. The location of the optical references that need to be
aligned to these reference points will have similar errors. The magnitude of the spot
centroiding uncertainty must be estimated for the specific hardware and environment, and
take both spots into account.
4.2.4

Resolution of Alignment Hardware
The ability to align the optical references to the calibrated points will be limited

by the CGH alignment hardware. Resolution, adjustment coupling and other sources will
limit the ability to perfectly align the spots to the desired locations.
4.2.5

Repeatability of Kinematic Mounts
As shown in Fig. 35, CGHA is removed after the far spot reference is recorded so

CGHB can be aligned in tilt. If the mounts are not repeatable, the far spot reference from
the replaced CGHA will be different from its original marked location and an “aligned”
CGHB will be decentered. The decenter of CGHB is calculated using Eq. (10) where 
is the change in far spot location after replacing CGHA.
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4.2.6

Wedge in substrates
Thus far, our analysis has assumed that the substrates are ideal plane parallel

plates. Real substrates will have some wedge, adding both tilt and centration errors.
4.2.6.1 Wedge in CGHA
Wedge in CGHA is completely accommodated if the CGH surface is the datum
for the alignment. The autocollimator is tilted to align CGHA in angle and by definition
CGHA cannot be decentered as in Fig. 40. However, the autocollimator beam is not
parallel to the alignment axis when CGHA is removed, which couples into alignment
errors for CGHB.

Fig. 40: CGHA is written to a substrate with wedge. a) When the autocollimator beam is
parallel to the CGH surface normal, the CGH is misaligned. b) The autocollimator is
tilted until the beam is normally incident on the CGH. The surface normal and alignment
axis are parallel as desired.
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4.2.6.2 Wedge in CGHB
When CGHA is removed to align CGHB in tilt (assume same orientation of
alignment axis), the angle of the autocollimator beam and the wedge in CGHB will cause
an aligned CGHB to appear to have tilt error, illustrated in Fig. 41.
The wedge in CGHB can be split into two orthogonal components (αB1 and αB2 ),
one of which is aligned to the wedge in CGHA(αA). For the component aligned to the
CGHA wedge (αB1), the tilt error is

TiltError1(CGHB)   B1  n  1   A  n  1

(19)

where n is the index of refraction for the substrates and the sign of the substrate
wedge must be consistent.

Fig. 41: The tilted autocollimator beam is incident on CGHB. a) When the CGHB
surface normal is parallel to the alignment axis, it appears misaligned. b) CGHB is tilted
to retro reflect the beam, adding tilt error.
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For the component perpendicular to the CGHA wedge (αB2), the only source of
tilt error is wedge in CGHB is

TiltError 2(CGHB)   B 2  n  1

(20)

The total tilt error for CGHB is the root sum square of the two orthogonal contributions.
CGHB wedge will also cause centration error, as in Fig. 42. The magnitude is

CentrationError (CGHB)  

 B  n  1 d

(21)

1  m 

where  B is the total wedge in CGHB, d is the distance between CGHB and the far spot
and m is the magnification of the CGHB FZP.

Fig. 42: CGHB reimages the near spot onto the plane of the far spot. a) A centered
CGHB with wedge will create a displacement between the spots. b) CGHB is decentered
to align the spots.
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In practice, all substrates have some wedge. Wedge in CGHA will cause a
correlated error in all CGHBs, so it is worthwhile to choose that particular substrate to
have the lowest wedge. The effects can be calibrated by biasing the alignment if the
wedge magnitude and orientation in each substrate is known.

It can be avoided

altogether if CGHB is aligned in tilt with CGHA present. However, it is more difficult to
centroid overlapping spots, potentially increasing the error described in Section 4.2.3.
4.2.6.3 Substrate Wedge and CGH orientation
The previous analysis has assumed the CGHs are written to the rear side of
substrates with wedge, which will produce errors that look like Fig. 43 (consider errors
only from wedge).
The substrates could be flipped so the CGHs are on the front of the substrates,
producing a different set of alignment errors. CGHA is still the alignment datum and has
no tilt or centration error.

However, the alignment axis is refracted by the wedged

substrate, causing centration error for CGHB. There is additional centration error from
CGHB wedge. All the substrates will be parallel, unlike the previous case, but will be
tilted with respect to the alignment axis. A possible alignment for this case is shown in
Fig. 44. Depending on the system in question and the requirements on centration and tilt,
one must decide whether the alignment in Fig. 43 or Fig. 44 is preferable.
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Fig. 43: The CGHs are written to the rear surface of a substrate with wedge. The arrows
represent the center and tilt of the CGH, illustrating the possible alignment errors due to
wedge.

Fig. 44: The CGHs are written to the front surface of a substrate with wedge. The arrows
represent the center and tilt of the CGH, illustrating the possible alignment errors due to
wedge.

4.2.7

Writing error
By definition, CGHA cannot be decentered because the FZP patterns are

concentric. If the patterns are not concentric due to writing error, the alignment axis does
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not pass through the center of CGHA, nor is it perpendicular to the CGHA or CGHB
surface normals. This will cause tilt and centration error for both CGHs, similar to the
analysis in Section 4.2.2. CGHB could have additional alignment error if the writing
error added a tilt carrier to either CGH. Measurements of actual CGHs have yielded
position errors of 10-15 nm 1σ [32], producing negligible alignment error for most
systems.
4.2.8

Atmospheric Effects
In a stable environment, air layering and temperature gradients can cause a GRIN

effect, refracting the autocollimator beam as it propagates [50]. Integrating the angular
deviation of the beam over the path L gives the total displacement at the CGH so
L

CentrationError (CGHA, CGHB)  x  
0

n( z )
 L  z  dz
w( z )

(22)

where w(z) is the beam diameter and Δn(z)/w(z) is the change in index across the beam,
both a function of axial position (z).

The tilt error is given by the slope of the

displacement curve at the CGH,

TiltError (CGHA, CGHB) 

x
z

.

(23)

zL

This effect will only add significant error for systems with long air paths in a stagnant
environment. To get a 1 micron centration error for a system with a 1 meter air path, the
change in temperature across the beam diameter must exceed 2°C (dn/dT = 1e-6/°C).
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4.2.9

Thermal effects
Temperature gradients also affect the substrates, altering the index of refraction

and creating a thermal wedge. This wedge can be calculated from the coefficient of
thermal expansion for the substrate (CTE), its thickness (t), its diameter (D), and the
change in temperature across it (ΔT) as
thermalwedge 

CTE  t  T
.
D

(24)

Given the combined effect of this thermal wedge and the actual wedge, the errors
for tilt and centration described in Section 4.2.6 can be re-calculated using the new index
of refraction
n '  n0 

dn
T
dT

(25)

where n0 is the original index of refraction, dn/dT is the change in index of the substrate
material with temperature, and ΔT is the temperature change.
4.2.10 Summary of errors
A summary of the expected alignment errors are listed in Table 4. “Eq [#]”
references the equation used to calculate the error and “Meas” indicates the error is
specific to the system hardware and must be estimated by the user. The errors are
categorized as random or correlated, where random errors change between each
measurement and correlated errors are consistent between measurements or couple into
other errors. The total tilt and centration error for each CGH is calculated by combining
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the values in the appropriate columns. Random errors are combined in quadrature and
correlated errors by addition.
The dominate error sources depend on the specific system. For an autocollimator
with 1 μrad resolution, the tilt uncertainty is about 0.5 μrad for each CGH. For a focal
plane with 1 μm resolution (assuming no magnification in the focal plane and CGHB m =
-0.5), the centration uncertainty is about 0.66 μm for CGHB. In addition, when the
substrate wedges are 2 μrad each the resulting tilt and centration errors for CGHB are
1.85 μrad and 0.22 μm respectively (assumes relative wedge orientation of 45 degrees).
Table 4: Summary of contributions to alignment error

Sources of Error

CGHA
Tilt

CGHA
Centration

CGHB
Tilt

CGHB
Centration

Random/
Correlated

Autocollimator calibration

Eq. (13)

-

Eq. (13)

OR
Eq. (14)

C

Autocollimator beam wavefront

Eqs. (15)-(17)

Eqs.
(15),(16),(18)

Eq. (15)-(17)

-

C

Spot Centroiding

Meas

-

Meas

Meas

R

Hardware Resolution

Meas

-

Meas

Meas

R

Kinematic Mount Repeatability

-

-

-

Meas /
Eq. (10)

R

CGH Wedge

-

-

Eqs. (19),(20)

Eq. (21)

C

CGH Writing Error

Meas

Meas

Meas

Meas

C

Atmospheric effect

Eq. (23)

Eq. (22)

Eq. (23)

Eq. (22)

C

Temperature Effect

-

-

Eq. (19),(20),
(24),(25)

Eq. (21),(24),
(25)

C
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4.3 TWO CGH EXPERIMENT
A system with two CGHs was aligned multiple times to estimate the alignment
uncertainty for this procedure [46]. The system layout is shown in Fig. 45.

Fig. 45: a) The optical system consists of two CGHs spaced one meter apart, with the
autocollimator and focal plane on either end (distances in millimeters). b) The
experimental setup is pictured.
4.3.1

Alignment Check
The residual alignment error was measured with an independent optical test. In

the region outside the FZPs, two extra patterns on each CGH act like two sets of spherical
mirrors, with a sphere on CGHA having a common “center of curvature” with a sphere
on CGHB. When a point source is placed at the center of curvature for one set of
mirrors, the displacement between the reflected spots shows the CGH misalignment, as in
Fig. 46. Two sets of mirrors are needed to calculate the tilt and centration misalignment
of CGHB to CGHA in both the x and y directions.
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Fig. 46: The sphere check measures the residual error in the alignment procedure. a) A
point source is placed at the “center of curvature” of two spherical mirror patterns. The
displacement between the reflected spots is measured to determine the misalignment of
CGHB with respect to CGHA. b ) A second set of spherical mirror patterns is used with
the point source placed on the opposite side of the substrates. The separation in the
figure is not to scale.

The tilt (α) and centration (Δ) misalignment of CGHB with respect to CGHA is




 1 x   2 x 

2

  1 y   2 y 

(26)

2

2( L1  L2 )

1x L2   2 x L1 

2

 1 y L2   2 y L1 

2

2( L1  L2 )

where δ1x and δ1y give the separation of the reflected spots in configuration Fig. 46a), δ2x
and δ2y give the separation of the reflected spots in configuration Fig. 46b), and L1 and L2
are the distances between the point source and CGHB in each configuration. The signs of
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the separations are in the global coordinates. For small angles and decenters, the effect
of plane parallel substrates is negligible.
4.3.2

Results
Table 5 lists the residual misalignment of CGHB with respect to CGHA using the

spherical mirror check for 12 different alignments. Some of the residual misalignment is
error in the check itself. The misalignments are calculated based on the distance between
spot centroids and uncertainty in their locations leads to uncertainty in the check. The
magnitude of the centroid uncertainty, primarily due to the size/quality of the spots and
wedge in the CGHs, must be estimated for the hardware and Eq. (26) relates that
uncertainty to the check uncertainty.
Table 5: Statistics for spherical mirror alignment check

Average

Standard deviation (1σ)

Tilt X

0.71 μrad

2.5 μrad

Tilt Y

0.76 μrad

1.34 μrad

Centration X

-0.32 μm

1.25 μm

Centration Y

-0.23 μm

0.64 μm

Tilt Magnitude

1.04 μrad

2.83 μrad

Centration Magnitude

0.39 μm

1.40 μm

Degree of Freedom
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Table 6: Summary of contributions to alignment error for 2 CGH system

CGHA
Tilt
μrad (1σ)

CGHA
Centration
μm (1σ)

CGHB
Tilt
μrad (1σ)

CGHB
Centration
μm (1σ)

Random/
Correlated

0

0

0

0.34

R

Autocollimator beam wavefront

0.64

0.08

0.64

0

C

Spot Centroiding

1.77

0

1.77

0.2

R

Hardware Resolution

1.25

0

1.25

0.14

R

Kinematic Mount Repeatability

0

0

0

1.25

R

CGH Wedge

0

0

0.13

0.05

C

Sources of Error
Autocollimator calibration

The expected errors are listed in

Table 6. Based on experience with the set-up, the writing error, atmospheric
effects, and thermal effects are neglected.

The total uncertainty is calculated by

combining the random errors in quadrature, which vary between alignments. For this
experiment, the autocollimator was calibrated before each measurement, so we include
that contribution in the random error as well. This test measures the angle of CGHB with
respect to CGHA, so it cannot measure the tilt error from aberrations in the
autocollimator beam wavefront, which is equal for both substrates, and is left out of the
calculation. However, the CGHA centration error from the aberrated wavefront will add
bias, since it is the same for all alignments. The CGH wedge magnitude and orientation
does not vary between alignments, which also adds bias. Assuming the error from the
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alignment check is small, the total expected and measured uncertainties are consistent, as
shown in Table 7.

Table 7: Summary of expected and measured errors for 2 CGH system.

Tilt Error (μrad)

Centration Error (μm)

Expected (from analysis)

0.13±3.06 1σ

0.09±1.31 1σ

Measured (from experiment)

1.04±2.83 1σ

0.39±1.40 1σ

4.4 SUMMARY
This procedure guides the alignment of CGH references only, but if the CGHs are
well aligned to the optics individually, the optical system will also be accurately aligned.
This alignment is partially accomplished using the registration technique discussed in
Section 2.3. The use of CGHs as the external references provides several convenient
advantages, including the ability to write multiple patterns to a single substrate. The
concept uses zero order reflections to align the CGHs in tilt and first order imaging to
align them in centration. The same beam creates the datum for tilt and centration, giving
lower uncertainties than the use of two separate beams, which would have be to be well
aligned in angle.

The process for aligning the references in tilt and centration is

decoupled, which along with real time feedback from the instruments makes the
alignment straightforward and efficient.
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The major sources of error were identified and equations given for their
contributions to the final uncertainty. Errors were classified as misalignments of CGHA
and/or CGHB, as well as whether they were random or correlated. Since CGHA is used
to align all CGHBs, it is worth making sure it is a high quality substrate with low wedge.
A system of two CGHs spaced one meter apart was built to verify the analysis.
Multiple alignments were performed and an independent optical test quantified the
alignment uncertainty. The procedure achieved a tilt uncertainty of 2.8 μrad 1σ and a
centration uncertainty of 1.4 μm 1σ, which was consistent with the analysis. The tilt
uncertainty was dominated by spot centroiding and hardware resolution, while the
centration uncertainty was primarily due to the autocollimator calibration and the
repeatability of the kinematic mounts.
The power of this procedure is that it does not rely on the surfaces of the optical
system or any specific geometry. As long as the positions of the CGHs with respect to
the optics are known, the geometry can be chosen to fit within the available space and
maximize sensitivity to misalignments. Once the tooling for the specific geometry is
created, the procedure can be easily repeated, allowing for efficient alignment of optical
systems produced in high volume. Overall, this is a highly flexible, very low uncertainty
alignment procedure that can be applied to a wide variety of optical systems. In fact, it is
well suited for the alignment of any rotationally symmetric system that can accommodate
the mounting of CGHs along its axis.
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5

ENHANCED CALIBRATION OF A CGH-BASED FIZEAU
INTERFEROMETER WITH PERTURBED MEASUREMENTS

5.1

CGH BASED INTERFEROMETERS
Interferometers measure the shape of optical surfaces to a few nanometers.

Fizeau interferometers are often used because the majority of the optical path is common
between the reference and test beams in a null configuration. Common path errors in the
interferometer appear in both wavefronts and cancel. However, non-common path errors
do not cancel and will appear in measurements of the test surface. A calibration is
needed to separate the interferometer error from errors in the test surface.
This chapter will focus on the calibration of a specific class of Fizeau
interferometer with a spherical reference surface and an aspheric test surface [51]. A
computer generated hologram (CGH) corrects the aspheric departure to provide a null test
as shown in Fig. 47.
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Fig. 47: Layout of interferometer with spherical reference surface and computer
generated hologram for null correction [51]. The zero order from the CGH creates the
reference beam. The first order creates the test beam. The projection lens images the
aspheric CGH wavefront onto the UUT.

A single beam is incident on the CGH where the light diffracts into different
orders. The zero order creates the reference wavefront and the first order creates the test
wavefront. The projection lens is used to image the first order aspheric wavefront onto
the test surface and is not in the common path. Upon reflection from the reference and
test surfaces, the beams are common path as they propagate to the detector. The total
error in the interferometer is most sensitive to errors on the projection lens due to the
shear between the reference and test beams on its surface, which can be as large as 5 mm
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[52]. Thus, the projection lens must be very high quality or the added error must be
calibrated out.
One approach is to replace the asphere with a best fit master sphere and calibrate
the interferometer using the shift-rotate method [22-24]. However, this requires a
different CGH whose first order wavefront matches the sphere.

This “zero-order”

calibration quantifies the interferometer error, but there will be some residual when it is
applied to the asphere measurement since the ray path of the test beam changes between
the two configurations. This is not a re-trace error, but a purposeful change in the test
wavefront ray path to obtain a null for both the asphere and master sphere.
This chapter will describe a new method to create an improved “first order”
calibration. The first order calibration uses multiple perturbed measurements of the
master sphere and the ideal departure of the asphere to calculate a correction to the zero
order calibration map. This improves the calibration for the asphere but uses only
measurements of the master sphere. An advantage of this method is that a single set of
sphere measurements can be used to create calibration maps for a series of closely related
aspheres. The improvement of the first order calibration over the zero order calibration is
a function of the aspheric departure and the errors introduced by non-common path
optics, primarily the projection lens. The analysis will focus on low order Zernike errors
from optical surface figure error or misalignment, which typically have the largest
contributions to the total interferometer error. The goal of this work is to present a
methodology for calculating calibration residuals, rather than modeling a specific system.
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5.2

FIRST ORDER CALIBRATION CONCEPT
To perform the first order calibration, the master sphere and corresponding CGH

are installed in the interferometer and an OPD measurement is collected.

This is the

“zero order” calibration (ZOC). To create a first order calibration (FOC), the CGH is
replaced with second CGH that has the same nominal pattern with an added a tilt carrier.
This will change the exiting angle of the test rays from the CGH and alter their path
through the interferometer, as in Fig. 48. The master sphere is also tilted to keep the test
and reference beams coincident upon reflection.

A second OPD measurement is

collected in the new configuration. For both OPD measurements, the master sphere
contribution is subtracted, so only the error due to the interferometer remains. A linear
sensitivity map for all points (PX,PY) in the pupil is calculated as

sensitivity ( PX , PY ) 

OPD( PX , PY ,  )  OPD( PX , PY , 0)

(27)



where α is the magnitude of the tilt carrier added to the second CGH, OPD(PX,PY,0) is the
first master sphere measurement (ZOC) and OPD(PX,PY, α) is the tilted master sphere
measurement. This sensitivity gives the change in OPD as a function of the change in the
tilt angle imparted by CGH. The CGH for the asphere adds a different amount of tilt to
each point in the pupil to create the necessary departure from the master sphere.
Knowing these angles from a model, the correction map to account for the change in ray
path between the master sphere and asphere is
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OPDcorrection( PX , PY )  sensitivity ( PX , PY )   asphere ( PX , PY )

(28)

where αasphere is a map of the tilt added by the asphere CGH at each pupil coordinate. Fig.
48 illustrates this concept for single ray in the test wavefront propagating from the CGH
through the interferometer.
Though these are 2D maps, they only provide a correction in the direction of the
tilt α. For a more general correction, a sensitivity map is calculated in two orthogonal tilt
directions αX and αY

Xsensitivity( PX , PY ) 

OPD( PX , PY ,  X )  OPD( PX , PY ,0)
X

Ysensitivity ( PX , PY ) 

OPD( PX , PY , Y )  OPD( PX , PY ,0)
Y

(29)

(30)

and the total correction is given by summing the individual corrections

OPDcorrection( PX , PY )  Xsensitivity( PX , PY )   X ,asphere ( PX , PY ) 

(31)

Ysensitivity ( PX , PY )  Y ,asphere ( PX , PY )
.
The final first order calibration map is
FirstOrderCalibration( PX , PY )  OPD( PX , PY ,0) 

(32)

OPDcorrection( PX , PY ) .
Recall that OPD(PX,PY,0) is also the zero order calibration map, so
FirstOrderCalibration  ZeroOrderCalibration 

OPDcorrection .

(33)
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Fig. 48: The calibration concept illustrated with one ray at pupil coordinate (PX,PY). a)
The ray exiting the first CGH has a given OPD.

b) The ray exiting the second CGH

with a tilt carrier has a different OPD. c) The predicted OPD for a ray exiting the CGH at
a third angle set by the asphere is calculated using Equation (28).
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The quality of the first order calibration depends on the form of the error on the
non-common path optics compared to the change in tilt imparted by the asphere CGH.
Thinking in terms of spatial frequency, low frequency errors change slowly with respect
to a α and can be approximated well with a linear fit. Higher frequency errors change
more rapidly and the quality of the linear fit degrades. No attempt should be made to
calibrate errors with spatial frequency greater than or equal to the distance d in Fig. 48 or
aliasing could add error rather than reduce it. These frequencies should be filtered out
before processing and treated separately in an error budget. The focus of this analysis
will be on low order figure errors on the optics (Zernike standard terms 4-22, Zemax
ordering) and low order terms on the CGH that create the desired aspheric departure
(Zernike standard terms 4-11). These terms have the most potential for calibration and
often have the largest contribution to measurement error in interferometers.

This

calibration can lower the overall measurement uncertainty and the resulting margin could
be allocated to other sources in the error budget, such as loosening tight tolerances on
figure and alignment of certain components. It can also be used to validate the budget for
expected errors in the interferometer, which are often based on simulation or historical
performance rather than experimental data for the as-built system.
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5.3

SIMULATED FIRST ORDER CALIBRATION
To quantify the first order calibration residual, simulated measurements are

created and the calibration algorithm from Equation (31) is applied. This simulation
assumes:


All of the interferometer error is introduced by a single “error surface” (i.e. the
projection lens)



The footprint for the reference surface beam is centered on the error surface



The sphere is sheared in the +X and +Y directions



Distortion is correctly compensated
A minimum of three measurements is required for the calibration: a nominal

sphere, a sphere with X tilt, and a sphere with Y tilt. A measurement of the asphere is
also simulated to assess the quality of the calibration map. Since there is only one source
of error, the predicted OPD for a perfect asphere is equal to the ideal calibration map. The
calibration residual is the difference between the two maps.
In Section 5.2, the maps were defined in terms of angle. However, a change in
ray angle can be related to a change in ray intercept on a given surface. This change in
intercept, or shear, is shown in Fig. 49 and is calculated as

Shear ( PX , PY )   ( PX , PY )  D .

(34)
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Fig. 49: Relating change in angle to shear on the error surface.

For this simulation, an arbitrary value for D is chosen to convert angles to shears
without any loss of generality. The simulation flow is illustrated in Fig. 50.

Fig. 50: The flow diagram to simulate a first order calibration.
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The free parameters are the respective diameters of the error surface and beam
footprint, as well as the Zernike terms on the error surface and CGH, corresponding to
the aspheric departure of the test surface. The simulated maps are created by sampling
the phase on the error surface within the beam footprints. For a given phase function on
the error surface, the nominal sphere measurement is

No min alSphere( PX , PY )  ErrorSurfacePhase( X fp , Y fp ) ,

(35)

where Xfp and Yfp are the ray intercept coordinates of the nominal sphere beam footprint
on the error surface. To maximize the effectiveness of the calibration, the magnitude of
the shear for the sphere measurements is chosen based on the asphere. The asphere CGH
uses Zernikes terms to “pre-morph” the wavefront so it is well-corrected after reflecting
off the asphere.

The resulting shears on the error surface are proportional to the

derivative of the CGH term, where

X shear ,asphere ( X fp , Y fp ) 

d
 CGHPhase( PX , PY )   D
dx

(36)

and

Yshear ,asphere ( X fp , Y fp ) 

d
 CGHPhase( PX , PY )   D .
dy

(37)

If there is an intermediate focus between the CGH and error surface, the signs of some
components may need to be reversed. Once the asphere shear is known, the magnitude of
the sphere shears are set equal to the maximum +X and +Y components of the asphere
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shear. This choice spans as much of the asphere shear as possible with only 2 sheared
measurements and centered footprints for the nominal sphere and asphere to minimize
extrapolation. The shear distances may be optimized for a specific asphere and error
surface. The two sheared sphere maps are calculated by

XShearSphere( PX , PY )  ErrorSurfacePhase( X fp  X shear , Y fp ) ,

(38)

YShearSphere( PX , PY )  ErrorSurfacePhase( X fp , Y fp  Yshear ) ,

(39)

and

where Xshear and Yshear are the maximum positive values of the asphere shears.
The asphere map is

Asphere  ErrorSurfacePhase( X fp  X shear ,asphere , Y fp  Yshear ,asphere ) .

(40)

A sample calibration is shown in Fig. 51, where the CGH and asphere have
astigmatic departure and the error surface has coma.
For this case, the first order calibration reduces the residual by 45% over the zero
order calibration, which may be significant for certain applications. Also, the first order
residual also has lower spatial frequency content than the zero order residual. Low order
terms may be removed from a measurement in certain cases, as in actively supported
mirrors.

This analysis can be applied to a wide variety of systems by altering the

simulation parameters.
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Fig. 51: Simulated measurements and calibration for coma on error surface, astigmatism
on asphere. The scaling for the CGH magnitude is chosen to give ~ 0.5 mm of shear on
the error surface. Note the sensitivity maps are proportional to the derivative of the phase
on the error surface for small shears.
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5.4

PARAMETRIC MODEL
The calibration residual for multiple combinations of Zernikes on the asphere

CGH and error surface can be found directly using the process described the Section 5.3.
However, a parametric model describing the calibration residual pair-wise for one surface
error (index S) and one CGH term (index C) could be useful in the design phase.
5.4.1

Coupling Coefficients
First, a coupling coefficientS,C is calculated to predict the residual for a pair of

error surface and CGH Zernikes as a function of their magnitudes. The process is shown
in Fig. 52. To improve the accuracy of the parametric model, a coupling coefficient is
calculated for positive and negative magnitudes of the CGH Zernike, which can have
fundamentally different effects on the calibration residual magnitude and form. Virtually
any units can be used for the CGH and error surface magnitudes, but they must be
consistent throughout the calculation.

Fig. 52: Calculation of a coupling coefficient for a parametric model.
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A sample calculation is shown in Fig. 53.

Fig. 53: Calculation of zero and first order coupling coefficients for Z7 on the error
surface and Z5 on the CGH where the magnitudes of each are generated randomly in a
Monte Carlo simulation. Left: Z5 magnitude > 0. Right: Z5 magnitude < 0.

This analysis considers low order Zernike terms Z4 – Z22 on the error surface and
Z4 – Z11 on the CGH. The process in Fig. 52 is applied pair wise for S = 4:22 and C =
4:11. The positive and negative coupling coefficients are calculated for each pair and
plotted in Fig. 54. The ratio of the zero to first order coefficients is a measure of the
expected reduction in the calibration residual. These coupling coefficients are calculated
for a specific error surface and footprint diameter (see Fig. 52). They will need to be recalculated for a different geometry, but the process is the same.
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Based on the values of the coupling coefficients, there are a few general trends
that hold for the majority of Zernike terms on the CGH. First, there is no improvement in
the first order calibration over the zero order for power (Z4) and astigmatism (Z5,Z6) on
the error surface. This is because all 3 sphere measurements contain the same amount of
power or astigmatism, which subtract out of the sensitivity maps. Next, there is some
improvement for coma (Z7,Z8), trefoil (Z9,Z10) and higher order terms (Z14-Z21).
Finally, the first order calibration actually increases the residual for spherical (Z11).
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Fig. 54: Coupling coefficients for Zernike terms on CGH as a function of Zernike terms
on error surface. Two plots are shown for each CGH Zernike term, one for positive
magnitudes and one for negative magnitudes (continued onto next page).

123

124
5.4.2

Expected Parametric Residual
To predict the calibration residual for a system with multiple Zernike terms on the

error surface and CGH, the expected residual for each pair of Zernike terms is given by

Parametric Re sidualS ,C  CouplingCoefficient S ,C  SurfErrorMagnitudeS 

(41)

CGHTermMagnitudeC .
The total residual is

Parametric Re sidualtotal 

  Parametric Re sidual 
S ,C

2

.

(42)

S ,C

Combining the residuals by RSS assumes they are uncorrelated and does not take the sign
of the residual map into account.

Thus, some error in the prediction is expected.

However, this provides with most reasonable estimate for combining them without
additional knowledge. An example calculation is shown in Table 8 and Table 9.
.
Table 8: Simulation Parameters for parametric model

CGH term

Magnitude

Error Surface
Term
7
9

4
0.005
5
-0.003
8
0.008
Error Surface Diameter = 40 mm
Nominal Sphere Footprint Diameter = 25.4 mm

Magnitude
-0.8
-0.1
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Table 9: Calculation of expected calibration residual using the parametric model.
CGH
term

Error Surface
Term
4
7
4
9
5
7
5
9
8
7
8
9
RSS (waves RMS)
RSS (nm RMS)

5.4.3

ZO Coupling
Coefficient
5.562
5.502
4.536
1.254
7.883
9.151

ZO Residual
(waves RMS)
-0.0222
-0.0028
0.0109
0.0004
-0.0505
-0.0073
0.0567
35.9

FO Coupling
Coefficient
3.791
0.189
2.514
0.054
3.312
0.898

FO Residual
(waves RMS)
-0.0152
-0.0001
0.0060
0.0000
-0.0212
-0.0007
0.0268
16.9

Uncertainty in Parametric Residual
In Fig. 55, the parametric residual calculated with Equations (41) and (42) is

compared to the direct model residual from Section 3 for 50 trials with random
combinations and magnitudes of all Zernikes on both the error surface and CGH.
In a simulation with 500 trials, the average error in the zero order calibration is
14% and the average error in the first order calibration is 18%. The residual magnitude
of the first order calibration is generally smaller than the zero order calibration, but the
uncertainty may be larger percentage-wise. The mean + 2σ error is 40% for the zero
order calibration and 50% for the first order calibration. The main reason for this error is
that each pair residual is expressed as a single positive number and the sign information
in the error map is lost. However, the parametric model could be used in the design
phase of an interferometer where errors in the expected residual around 20% are
tolerable.
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Fig. 55: Comparison of calibration residuals using direct and parametric models.

5.5

CASE STUDY INTERFEROMETER
A case study interferometer was simulated to test the fidelity of the direct and

parametric models. A simplified version of the interferometer in Fig. 47 was used to
avoid unnecessary complexity from the interferometer geometry. The layout is shown in
Fig. 56. It has similar features, including a projection lens, but it is an on-axis TwymanGreen with flats (spheres with “infinite” radii of curvature). As described in Section 5.1,
the error in the interferometer is dominated by non-common path optics, especially the
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projection lens. To compare errors in this model with the direct and parametric analysis,
the CGH is optimized to correct for all interferometer error then a separate error is placed
on the rear surface of the projection lens. The normalization radius of the Zernike error
on the projection lens is chosen such that the ratio of the beam footprint to the
normalization radius = 25.4/40 to match the previous analysis.

Fig. 56: Design of interferometer for case study.
First the asphere is defined. For this simulation, a freeform optic with coma,
astigmatism, and a small amount of spherical is created by increasing the magnitude of
the aspheric departure of an OAP.

The CGH is optimized to match this aspheric

departure. Then the shear of the aspheric wavefront on the projection lens is measured
and the tilt angles for the sensitivity maps are chosen to be equal to the maximum shear
in +X and +Y. Rays are traced to create the sphere and asphere measurements. The
asphere shear is calculated using the projection lens intercepts for the nominal sphere and
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asphere ray trace data. The calibration maps are calculated with Equations (29)-(32) and
subtracted from the asphere measurement to find the residuals. These residuals are used
to quantify the quality of the calibrations.
Once the design of the interferometer is complete, the calibration of different
sources of error in the interferometer is studied. One significant source is figure error on
the projection lens. Error is added to the rear surface of the projection lens while all other
surfaces remain perfect and a calibration is simulated. Fig. 57 shows the footprint shear
due to aspheric departure and the calibration residuals for the raytrace, direct, and
parametric models with 1 wave RMS of Z7 on the projection lens. There is almost a
factor of 2 reduction in the calibration residual for the first order over the zero order. The
error in the parametric values is 5% and 13% respectively, which are consistent with the
uncertainties described in Section 5.4.
Calibration of alignment error rather than figure error is slightly more
complicated. Misalignment of optical components adds coma to the wavefront. The
magnitude of the “effective” coma on the error surface is quantified so the same analysis
can be applied. With this specific class of interferometer, decentering the projection lens
shifts the image of the aspheric wavefront on the test surface, adding additional low order
misalignment errors to the measurements. All the low order terms must be subtracted
from the measurements since their source is unknown unless the test part is translated to
match the new projected wavefront location. Since the goal of this method is to calibrate
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Fig. 57: The results of ray trace, direct, and parametric simulations with Z6,Z8,Z11 on
the CGH and Z7 on the projection lens. There almost a factor of 2 reduction in the
residual from the zero order calibration (ZOC) to the first order calibration (FOC).

low order errors, projected marks from the CGH are used to align the test part to the
aspheric wavefront. The coma introduced by projection lens decenter is still present and
can be calibrated. Using the intercept of four rays at the edge of the beam footprint on
the test surface as alignment marks, the projection lens is decentered by 0.5 mm and the
test surface is re-aligned to the CGH wavefront. To calculate the effective coma on the
projection lens for the direct and parametric models, the magnitude of coma in a model of
the centered projection lens is changed so that the aberrations in its wavefronts match
those of a decentered model. The results are shown in Fig. 58, where the calibration
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residual is reduced by 30%. The errors in the parametric residuals are 12% and 34%, still
within the expected uncertainty range.

Fig. 58: The results of ray trace, direct, and parametric simulations with Z6,Z8,Z11 on
the CGH and a decentered projection lens (effective error Z7). There almost a factor of 2
reduction in the residual from the zero order calibration (ZOC) to the first order
calibration (FOC).
The shape of the maps for the ray trace indicate the presence of some higher order
aberrations, but the effective error is dominated by coma. Adding these higher order
terms to the error surface could further reduce the difference between the
direct/parametric models and the ray trace results.
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5.6

SUMMARY
This method of calculating a first order calibration is well suited for a specific

class of CGH-based interferometer where a master sphere is used for calibration. While a
significant amount of interferometer error can be removed with a single measurement of
a master sphere, or “zero order” calibration, a higher order calibration using multiple
perturbed measurements of the sphere can further decrease the residuals. This method
uses only measurements of a sphere to create a calibration map for an asphere. Thus, a
single set of sphere measurements can be used to calculate calibration maps for closely
related aspheres, like segments for a telescope primary mirror. The first order calibration
can reduce overall measurement uncertainty or allow the budgeted error contribution
from another source to be increased, such as figure error or alignment of the projection
lens.
A direct simulation was performed to compare the results for zero and first order
calibrations for a given set of Zernike errors on a single surface and Zernike terms on the
CGH. A coupling coefficient was calculated for pairs of Zernike terms to gain insight
into what types of errors are well calibrated with this approach.

The first order

calibration primarily reduces the error from coma, trefoil, and higher order aberrations on
the projection lens. It also reduces the error from coma due to misalignments. It
provides no improvement for power and astigmatism, and increases the residual slightly
for spherical aberration. These trends hold for the majority of the Zernike terms on the
CGH.
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The coupling coefficients serve as the basis for a parametric model.

The

simulations discussed in Sections 5.3 and 5.4 contain many simplifying assumptions, but
they may be useful in the design phase for an interferometer. Ultimately, a ray trace
model is needed to truly predict the reduction of the calibration residual for the first order
calibration, especially if there are multiple sources of error. If the projection lens is near
the caustic or the interferometer has significant distortion, the first order calibration is
expected to break down since the aspheric shear is no longer a perturbation from a
uniform grid.
More work is needed is fully explore the potential and limitations of this
calibration, but the concept and general methodology presented here show promise for
certain applications.
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6

CONCLUSION

Improved technologies for fabrication, alignment, and metrology have made
increasingly complex optical designs possible.

The unique properties of computer

generated holograms make them powerful tools to help meet demanding requirements.
First, CGHs can create a range of aspheric wavefronts with nanometer-level accuracy.
Next, multiple patterns can be written on to a substrate, so a single CGH can serve
multiple functions, including wavefront shaping and alignment. Finally, the accuracy of
the CGH fabrication process means that the relative locations of the wavefronts are also
known to high accuracy. The three methods for alignment and calibration presented in
this dissertation take advantage of these properties to improve performance.
In the first alignment method, the CGH contact Ball Alignment Tool (CBAT) is
used to align a ball or SMR to a Fresnel zone plate pattern on a computer generated
hologram with micron level accuracy. The ball is bonded onto the CGH and provides
permanent, accurate registration between the optical wavefront and a mechanical
reference. This procedure also relies on the registration accuracy of CGH patterns, using
the known position of the ball with respect to one wavefront to find its position with
respect to another wavefront.

Experiments with a prototype CBAT demonstrated

alignment of a ball to the center of an FZP to better than 1 micron, with a drift to 2.4
microns after bonding. The CBAT will be used for future projects at the University of
Arizona requiring precise alignment of computer generated holograms, including the
Daniel K. Inouye Solar Telescope primary mirror optical test. Future work should include
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improving the bonding procedure and developing an error model to relate misalignments
of multiple balls to the total position error of the CGH.
In the second alignment method, CGH references are used to align axi-symmetric
optics in four degrees of freedom. The procedure uses zero order reflections to align the
CGHs in tilt and first order imaging to align them in centration. This procedure depends
on the accurate registration of multiple patterns to create the alignment axis and the
ability to mark a location on the CGH with sub-micron precision for centration. Multiple
alignments of a 2-CGH prototype system achieved a tilt uncertainty of 2.8 μrad 1σ and a
centration uncertainty of 1.4 μm 1σ over a distance of 1 meter, which is consistent with
the error analysis model. This procedure was used to aid in the alignment of the Hobby
Eberly Telescope’s Wide Field Corrector, a 4 mirror highly aspheric, uncorrected subsystem [49]. Future work could include error analysis that accounts for misalignments of
the CGH to the optical surface and extending the procedure to alignment of systems that
do not allow mounting of the CGHs along the optical axis.
Last, an enhanced calibration uses multiple perturbed measurements of a master
sphere to improve the calibration for aspheres in CGH-based Fizeau interferometers. The
first order calibration can reduce overall measurement uncertainty or allow the budgeted
error contribution from another source to be increased.

A single set of sphere

measurements can be used to calculate calibration maps for closely related aspheres,
including segmented primary mirrors for telescopes. This calibration relies on the ability
of CGHs to create complex wavefronts for different test surfaces and tilt perturbations.
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The first order calibration primarily reduces the error from coma, trefoil, and higher order
aberrations on the error surface.

It also reduces the error from coma due to

misalignments. The calibration could be improved by adding more measurements and
performing higher order fits. More work is needed is fully explore the potential and
limitations for the calibration, but a method was provided for predicting calibration
residual and can be applied to a specific system.
In summary, the accuracy of the alignment and calibration methods described in
this dissertation would not be possible without computer generated holograms. Though
these methods were developed for specific applications, the flexibility in the CGH design
allows adaptation of these concepts to a variety of systems.
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Abstract. A procedure that uses computer-generated holograms (CGHs)
to align an optical system’s meters in length with low uncertainty and realtime feedback is presented. The CGHs create simultaneous three-dimensional optical references, which are decoupled from the surfaces of the
optics allowing efficient and accurate alignment even for systems that
are not well corrected. The CGHs are Fresnel zone plates, where the
zero-order reflection sets tilt and the first-diffracted order sets centration.
The flexibility of the CGH design can be used to accommodate a wide
variety of optical systems and to maximize the sensitivity to misalignments. An error analysis is performed to identify the main sources of
uncertainty in the alignment of the CGHs and to calculate the magnitudes
in terms of general parameters, so that the total uncertainty for any specific
system may be estimated. A system consisting of two CGHs spaced 1 m
apart is aligned multiple times and re-measured with an independent test
to quantify the alignment uncertainty of the procedure. The calculated and
measured alignment uncertainties are consistent with less than 3 μrad of
tilt uncertainty and 1.5 μm of centration uncertainty (1σ). © 2013 Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.52.8.084104]
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1 Introduction
As the technologies for manufacture and metrology advance,
optical systems are being designed with more complexity
than ever before. Given these prescriptions, alignment can
be a limiting factor in determining their final performance.
Systems for astronomical telescopes, lithography, and highenergy lasers may require the alignment of multiple components with micron-level accuracy over many meters. The
goal of this work is to develop a low-uncertainty alignment
procedure that can be applied to a variety of optical systems.
There are many tools, mechanical and optical, available
for alignment. A coordinate measuring machine (CMM)
uses a touch probe to measure the position of features in
three dimensions. With careful operation, a CMM can obtain
a repeatability of 3 μm along a single-measurement axis with
an additional uncertainty of 3 μm∕m over large volumes.1
However, a CMM is not practical for large assemblies, as
the largest CMMs are only a few meters in length; also,
the optics are commonly housed in mechanical structures
that restrict the probe’s access to datum features. CMMs cannot provide real-time feedback of the system alignment and
make the process lengthy. Laser trackers are also used for
optical alignment.2 They have a typical accuracy of
4 μm  0.8 μm∕m.3 Operation requires a line of sight from
the tracker to a sphere-mounted retro-reflector target in
contact with a datum, which also can be hindered by the
mechanical mounting structure. Real-time feedback of the
system alignment can only be obtained with multiple measurements, and thus, multiple laser trackers are required,
which is often prohibitively expensive. Alignment telescopes
and axicons create an optical axis that can be used to center
0091-3286/2013/$25.00 © 2013 SPIE
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components. The centration accuracy depends on the
straightness of the axis and the ability to align targets to
it.4–6 In a previous experiment, an alignment telescope
with camera eyepiece was rotated on an air bearing to maximize alignment precision, but the centration uncertainty for a
target at a distance of 1 m was 15 μm 1σ.7 For both methods,
an additional test is needed to measure the tilt.
This procedure uses computer-generated holograms
(CGHs) to create simultaneous three-dimensional optical
references and to perform an alignment in multiple degrees
of freedom with real-time feedback. The optical references
are decoupled from the surfaces of the optics allowing accurate alignment even for systems that are not well corrected.
Transferring the alignment datum to an external reference,
this procedure describes the alignment of CGHs, which must
be separately aligned to the optics. The sensitivity of the
instruments used to track the optical references is a driving
factor in the final uncertainty; yet good performance can be
achieved with off-the-shelf components. This procedure is
designed to achieve centration uncertainties of a few microns
and tilt uncertainties of a few micro-radians over a distance
of several meters.
In this article, we describe how to use CGHs to align an
optical system and to quantify the residual uncertainty.
Section 2 outlines the procedure and describes the advantages of using CGHs to create the optical references. The
major sources of uncertainty are identified in Sec. 3, and their
magnitudes are calculated in terms of general parameters,
so that the total uncertainty for any specific system may
be estimated. Finally, Sec. 4 presents experimental results
for the alignment uncertainty a two CGH system and compares it with the expected uncertainty from the analysis
in Sec. 3.
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2 CGH Alignment Procedure
The goal of this procedure is to align axi-symmetric aspheric
optics in four degrees of freedom, two each in tilt and in centration. Rather than using the optical surfaces, the alignment
data is transferred to an external reference—a CGH—written
to an optical flat with a reference mark at the pattern’s center.
The CGH is rigidly mounted to the optic such that the CGH
surface normal represents the tilt of the optic, and the reference mark represents the optical axis. If the CGH is accurately aligned to the optical surface, well-aligned CGHs will
produce a well-aligned system. The ideal alignment case
requires the reference mark at the center of each CGH pattern
be coincident with a single axis and the surface normal of the
CGH be parallel to that axis.
The alignment procedure uses CGHs that are written with
Fresnel zone plate (FZP) patterns, so they act like thin lenses.
One CGH (CGHA) creates two focused spots, which define
the alignment axis, and then a second CGH (CGHB) is
aligned to that axis. The CGHs are aligned in centration
pairwise using a single CGHA, so the alignment axis is
maintained, and multiple CGHBs with different patterns
for a system with three or more optics. The label CGHB
is used for optics 2 through n since the alignment procedure
and error analysis equations are the same for these CGHs.
Any single CGHB is aligned to CGHA with all the others
removed. An autocollimator is used to align the tilt of each
CGH independently.
2.1 Computer-Generated Holograms
CGHs with varying degrees of complexity have been used
to perform alignment of optical components, often by using
the optical surfaces.8,9 The CGHs in this procedure are
decoupled from the optics and are designed simply to act
like lenses, though they are preferable to lenses for two main
reasons. First, the CGH patterns are created using a laser
writer for photomasks, and a center reference mark is written
with submicron precision. It is difficult to measure the center
of a lens to the same accuracy. Second, multiple patterns can
be combined on a substrate, so a single CGH can act like two
lenses with the same axis, but different focal lengths.
Our CGHs use two types of patterns. CGHA consists of
two concentric FZPs with different focal lengths, and CGHB
contains only one FZP. While the axial spacing of the CGHs
is likely constrained by the optical and mechanical designs,
the focal lengths of the FZPs are degrees of freedom. These
focal lengths can be chosen to increase the sensitivity to centration error.
The CGHs can be phase etched, chrome-on-glass, or a
combination. Their design allows flexibility for the intensity
in each diffracted order. The desired intensity is in the zero
and first orders specifically, and the wavelength range of the

source must be considered when choosing the etch depth or
duty cycle of the CGHs. The non-CGH side of the substrate
is anti-reflection coated to avoid unwanted ghosts.
2.2 Alignment of CGHs to Optical Surfaces
This article describes the alignment of CGHs, which must
also be individually aligned to an optical surface to achieve
the desired system performance. For an aspheric mirror, there
is a single optical axis. The CGHs must be aligned to the
optic such that the center of the CGH pattern is coincident
with the mirror’s optical axis, and its surface normal is parallel to the mirror’s axis, as in Fig. 1. Since this procedure is
not meant to set the axial spacing, the CGH center mark need
not be coincident with the mirror’s vertex.
To align the CGH to the optic, the optic is mounted on a
rotary bearing. Its tilt and centration are adjusted until the optical axis is coincident with the bearing’s mechanical axis.
This can be done by placing the optic under an interferometric
test and by minimizing the change in the measurement as the
part rotates. Then, the CGH is mounted in the center of the
optic and independently positioned to minimize lateral and
angular runout. Once both the optic and CGH are aligned
to the bearing axis, they are aligned to each other, and the
CGH is fixed in place. This alignment can be performed to
submicron accuracy, limited only by the quality of the bearing
and the precision of the mechanics and diagnostics.
The error analysis in Sec. 3 applies to the CGHs only.
Error analysis for the optical surfaces, as a result of misalignment between the CGH and optic, is outside the scope of this
paper. Once the system is aligned, an additional test using the
optical surfaces can be used to quantify the effect of the
CGH-optic misalignment on the system performance.
This procedure is well suited for aligning axi-symmetric
optics with central holes. For off-axis systems or those without central holes, a set of CGHs can be mounted at the edge
of the optics and aligned; but a second set of CGHs is needed
to control clocking of the optics about the axis of the first set.
2.3 Alignment Procedure
Once the CGHs are individually aligned to the optics, the
CGHs are aligned in centration and tilt. For the ideal alignment, the center mark of each CGH is coincident with a single axis, and the surface normals are parallel to that axis.
Since the CGHs are written onto plane parallel plate substrates, an autocollimator is a convenient reference to set the
tilt. The autocollimator measures the angle between the zero
order or the specular reflection from the CGH surface and the
incident beam. The angle of the CGH (or the autocollimator)
is adjusted until the incident and reflected beams are parallel,
meaning the beam is normally incident on the CGH surface.
The autocollimator beam provides an external datum for tilt,

Fig. 1 A rotary bearing is used to align the computer-generated hologram (CGH) to the optical surface. (a) The CGH is aligned in tilt only. (b) The
CGH is aligned in centration only. (c) The CGH is aligned in tilt and centration.
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Fig. 2 CGHA has concentric inner and outer regions that create the near spot and the far spot, respectively. The outer CGH is an annulus and does
not overlap the inner CGH.

and the CGHs are aligned individually with all the others
removed, so a misalignment of one CGH will not propagate.
To avoid disturbing the alignment when one is removed, the
CGHs must be mounted using stable kinematic interfaces.
Once the CGHs are aligned in tilt, they are aligned pairwise in centration. Section 2.1 described a two zone CGHA
that creates two focal points called the “near spot” and “far
spot.” The CGHA pattern and the axial layout are shown
in Fig. 2.
CGHA is illuminated with the same autocollimator beam,
approximately centered on the CGH pattern. The alignment
axis is defined by the near and the far spots, but it also passes
through the center of the CGH pattern because the FZPs are
concentric. This holds even if the autocollimator beam is not
normally incident on the CGH. Thus, using CGHA to define
the alignment axis means it cannot be decentered. This
assumes that the autocollimator beam has a well-corrected
wave front, since asymmetric aberrations like coma will
introduce different amounts of tilt across the inner and outer
zones and cause centration error, as discussed in Sec. 3.2.
CGHB is inserted between the near and the far spots, and
its þ1 order images the near spot onto the plane of the far
spot. When CGHB is decentered, the image of the near spot
is displaced from the far spot, as in Fig. 3. CGHB is adjusted
until the image of the near spot coincident with the far spot,
meaning CGHB is centered on the alignment axis.

Fig. 3 The þ1 order of CGHB images the near spot onto the plane of
the far spot to perform the centration alignment. (a) The spots are displaced by ε when CGHB is decentered by Δs. (b) The two spots are
coincident for a centered CGHB. The rays from the outer zone of
CGHA, which form the far spot, are blocked in this step (see
Fig. 4), but are shown here for reference.
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The relationship between CGHB misalignment (Δs) and
the spot misalignment (ε) in terms of distances in Fig. 3 is
given by


aþb
ε ¼ Δs
¼ Δsð1 − mÞ;
(1)
a
where m is the magnification of CGHB. The generalized
relationship between motion of an optic and the resulting
image motion is provided by Burge.10 The sensitivity to misalignments can be increased by choosing FZP patterns such
that b∕a > 1. If multiple CGHBs are needed, they will have
different sensitivities which decrease with distance from
CGHA (the distance a þ b is fixed by the design of CGHA).
As a result, CGHA should be placed at the end of the optical
system with the tightest centration requirements. In addition,
if there is a constraint on the position of the alignment axis
with respect to some other feature, CGHA can be positioned
accordingly.
Note that the same beam is used to define the alignment
datum for tilt and centration. This choice produces lower
uncertainty than two separate data, which would have to
be aligned very precisely in angle.
This procedure is not meant to set the axial spacing of the
CGHs. Errors in the axial spacing will not affect the tilt alignment, but will cause the far spot and the re-imaged near spot
to be out-of-focus in the ideal far spot plane. Small amounts
of defocus will still yield circular spots that can be accurately
centroided. The amount of allowable axial misalignment
will depend on the system geometry, but is on the order of
millimeters for slow systems.
Two instruments are required to perform the alignment.
The first is an autocollimator, which sets the tilt alignment
and creates the alignment axis for centration. The second is a
focal plane, where the separation between the far spot and the
re-imaged near spot is measured for the centration alignment.
A custom autocollimator was built from off-the-shelf
parts with two specific features.11 First, a narrow line width
source was used to minimize the chromatic effects from the
CGHs. Second, an iris was added to adjust the output beam
diameter. As shown in Fig. 2, the FZP that creates the far spot
is an annulus surrounding the FZP that creates the near spot.
Once the location of the far spot centroid is recorded in the
focal plane, the beam can be stopped down, creating the near
spot only. This is helpful for centering CGHB (see Fig. 3),
since it is easier to align a single centroid to a known position
than to measure the distance between the centroids of overlapping spots.
The autocollimator must be calibrated to find the reference angle for a correctly aligned CGH, where the surface
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normal is parallel to the alignment axis/autocollimator beam.
To set this reference, a corner cube is used to retroreflect the
outgoing beam, which simulates a normal reflection from a
surface, and the centroid of the focused return beam is
recorded in the autocollimator focal plane. This calibration
requires a high-quality corner cube that is well centered on
the beam.
The centration error of CGHB is measured in the focal
plane with a bare detector or an optical system with magnification to increase the sensitivity. The accuracy of the centration alignment depends on the resolution of the focal
plane, the magnification of the optical system, the size/quality of the spots being centroided, and the CGH mechanics.
To maximize sensitivity, an optical system was built from an

infinity-corrected microscope objective and tube lens to
obtain a favorable magnification with a CCD camera at
the re-imaged focal plane.11
The focal plane measures relative displacements, so the
test does not rely on accurate calibration. Any error in the
knowledge of the magnification becomes negligible when
the spots overlap. The focal plane should be aligned, so
the sensor is nominally perpendicular to the alignment axis,
and both spots are centered in the field of view to minimize
aberrations. Small amounts of sensor’s defocus will not
affect the centroid location as long as the autocollimator
beam wave front is well corrected.
The step-by-step procedure to align the CGHs is shown
in Fig. 4.

Fig. 4 The step-by-step procedure to align the CGHs in tilt and centration. For a system with three or more optics, after aligning the two CGHs,
remove the first CGHB and repeat steps 5–7 to align additional CGHBs. These CGHBs which will have different axial positions and FZP focal
lengths so the near spot is re-imaged to the same far spot plane.
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3 Error Analysis
The accuracy of the procedure depends on systematic errors
in the components and random errors from noise. Analysis is
provided for the following error sources:
•
•
•
•
•
•
•
•
•

Autocollimator calibration
Autocollimator beam wave front
Spot centroiding
Resolution of alignment hardware
Repeatability of kinematic mounts
Wedge in CGH substrates
Writing error for CGH patterns
Atmospheric effects
Temperature effects.

Fig. 6 Error in the corner cube calibration will cause a correlated tilt
error in all CGHs.

3.1 Autocollimator Calibration
The autocollimator is calibrated using a corner cube to simulate the reflection from a CGH aligned in tilt. Errors in the
corner cube and beam wave front will bias the calibration
and create systematic alignment errors.
Real corner cubes often have a specified maximum angular error for a beam exiting in any of its six subapertures.
When the beam is centered on the corner cube vertex, the
error from each subaperture cancels. For an offset beam,
the errors will not cancel. The total angular error for a decentered beam was calculated by weighting the sum of the vector angular error from each subaperture by the illuminated
area. Figure 5 shows the angular error in the reflected
beam normalized to the maximum single subaperture error
for small decenters.
The angular error in the corner cube calibration is given
by
Tilt ErrorðCGHA; CGHBÞ ¼

αðxÞ × E
;
2

(2)

where αðxÞ is the normalized angular error as a function of
the beam diameter and offset (see Fig. 5) and E is the

maximum reflected error from a single subaperture. Since
the same calibration is used for all CGHs, the tilt error is
correlated, as in Fig. 6. The CGH surface normals are parallel
to each other, but not to the alignment axis.
The surface normal of CGHA can be chosen as the angular datum rather than the beam direction. Tilt errors become
CGHB centration errors, which is given by


αðxÞ × E
d
Centration ErrorðCGHBÞ ¼
2


αðxÞ × E n − 1
þt
;
(3)
2
n
where d is the distance between CGHA and CGHB, t is the
substrate thickness, and n is the substrate index of refraction.
The second term is a correction, due to the fact that the CGHs
have some thickness; but for thin substrates (<10 mm) and
small beam angles (<10 μrad), it is negligible.
3.2 Autocollimator Beam Wavefront
Equations (2) and (3) must be modified if there are aberrations in the autocolllimator beam. The calibration described
in Sec. 2.3 records the centroid of the focused return beam,
which will shift in the presence of asymmetric aberrations like coma. The centroid shift, and the corresponding
reflected angular error (θ), may be complex but can be simulated in ray tracing code. The new tilt and centration errors
are given by
Tilt ErrorðCGHA; CGHBÞ ¼

αðxÞ × E þ θ
2

(4)




αðxÞ × E þ θ
Centration ErrorðCGHBÞ ¼
d
2


αðxÞ × E n − 1
þt
;
2
n

Fig. 5 Plot of normalized angular error from a corner cube as a function of beam diameter and offset.

Optical Engineering

(5)

where αðxÞ is the normalized angular error, E is the maximum reflected error from a single subaperture, θ is the additional reflected angular error from the centroid shift due to
aberrations in the beam, d is the distance between CGHA
and CGHB, t is the substrate thickness, and n is the substrate
index of refraction. Only one of the above equations is used
in the error calculation, which depends on the chosen angular datum.
Asymmetric aberrations will also cause different amounts
of tilt across the inner and outer zones of CGHA. Figure 7
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Fig. 7 (a) The beam wavefront contains 1-wave RMS of coma. (b) The wavefront is split into the inner and outer zones of CGHA. Each zone
wavefront can be expressed as the sum of (c) some aberration and (d ) the mean tilt. The mean tilt in each zone will cause angular deviation of the
wavefront.

shows the mean tilt across each zone when there is coma in
the wave front.
The mean tilt can be converted to the angle of the exiting
wave front with respect to the alignment axis using the
following equations:

α¼

Tiλ
Di

(6)

β¼

T oλ
;
Do

(7)

where α is the wavefront angle of the inner zone, β is the
wave front angle of the outer zone, Di and Do are the diameters of the inner and outer zones, respectively, T i and T o are
the peak-to-valley mean tilts in waves across the inner and
outer zones, respectively, and λ is the wavelength. Figure 8
illustrates how tilt differences between the zones cause alignment error for both CGHA and CGHB.
The tilt and centration errors in CGHA are given by
βf o − αf i
fo − fi


βf o − αf i
Centration ErrorðCGHAÞ ¼ f i
−α ;
fo − fi

Tilt ErrorðCGHAÞ ¼

(8)

(9)

where f i and f o are the focal lengths of the inner and outer
FZPs, respectively, α is the wave front angle of the inner
zone, and β is the wave front angle of the outer zone.
CGHB will have the same tilt error as CGHA [Eq. (8)],
but no centration error with respect to the tilted alignment
axis. If other aberrations cause wave front tilt in the orthogonal direction, the tilt and centration errors in each direction
are calculated using the previous equations, and the results
are root sum squared.
3.3 Spot Centroiding

Fig. 8 (a) Coma in the autocollimator beam will cause a tilt α in the
beam that creates the near spot and a tilt β in the beam that creates
the far spot. (b) The displaced near and far spots create a tilted alignment axis. CGHA has tilt and centration errors. (c) CGHB has only tilt
error.

Optical Engineering

The tilt reference from the autocollimator calibration and the
far spot centration reference are set by centroiding spots on
electronic detectors. There will be random errors in the measured centroid location due to the detector noise, vibrations,
air currents, spot quality, and other sources. The location of
the optical references that need to be aligned to these reference points will have similar errors. The magnitude of the
spot centroiding uncertainty must be estimated for the specific hardware and environment and take both spots into
account.
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3.4 Resolution of Alignment Hardware
The ability to align the optical references to the calibrated
points will be limited by the CGH alignment hardware.
Resolution, adjustment coupling, and other sources will
limit the ability to perfectly align the spots to the desired
locations.
3.5 Repeatability of Kinematic Mounts
As shown in Fig. 4, CGHA is removed after the far spot
reference is recorded, so CGHB can be aligned in tilt. If
the mounts are not repeatable, the far spot reference from the
replaced CGHA will be different from its original marked
location, and an “aligned” CGHB will be decentered. The
decenter of CGHB is calculated using Eq. (1), where ε is
the change in the far spot location after replacing CGHA.
3.6 Wedge in Substrates
Thus far, our analysis has assumed that the substrates are
ideal plane parallel plates. Real substrates will have some
wedge adding both tilt and centration errors.
3.6.1 Wedge in CGHA
Wedge in CGHA is completely accommodated if the CGH
surface is the datum for the alignment. As shown in Fig. 9,
the autocollimator is tilted to align CGHA in angle and, by
definition, CGHA cannot be decentered. However, the autocollimator beam is not parallel to the alignment axis when
CGHA is removed, which couples into the alignment errors
for CGHB.
3.6.2 Wedge in CGHB
When CGHA is removed to align CGHB in tilt (assume same
orientation of alignment axis), the angle of the autocollimator beam and the wedge in CGHB will cause an aligned
CGHB to appear to have a tilt error, as in Fig. 10.
The wedge in CGHB can be split into two orthogonal
components (αB1 and αB2 ), one of which is aligned to the
wedge in CGHA (αA ). For the component aligned to the
CGHA wedge (αB1 ), the tilt error is
Tilt Error1ðCGHBÞ ¼ αB1 ðn − 1Þ − αA ðn − 1Þ;

Fig. 10 The tilted autocollimator beam is incident on CGHB. (a) When
the CGHB surface normal is parallel to the alignment axis, it appears
misaligned. (b) CGHB is tilted to retroreflect the beam adding tilt error.

the component perpendicular to the CGHA wedge (αB2 ),
the only source of tilt error is wedge in CGHB.
Tilt Error2ðCGHBÞ ¼ αB2 ðn − 1Þ:

(11)

The total tilt error for CGHB is the root sum square of the
two orthogonal contributions.
CGHB wedge will also cause centration error, as in
Fig. 11. The magnitude of this error is given by
Centration ErrorðCGHBÞ ¼ −

αB ðn − 1Þd
;
ð1 − mÞ

(12)

where αB is the total wedge in CGHB, d is the distance
between CGHB and the far spot, and m is the magnification
of the CGHB FZP.
In practice, all substrates have some wedge. Wedge in
CGHA will cause a correlated error in all CGHBs, so it is
worthwhile to choose that particular substrate to have the
lowest wedge. The effects can be calibrated by biasing
the alignment if the wedge magnitude and orientation in each
substrate is known. It can be avoided altogether if CGHB
is aligned in tilt with CGHA present. However, it is more
difficult to centroid overlapping spots, potentially increasing
the error described in Sec. 3.3.

(10)

where n is the index of refraction for the substrates and
the sign of the substrate wedge must be consistent. For

Fig. 9 CGHA is written to a substrate with wedge. (a) When the autocollimator beam is parallel to the CGH surface normal, the CGH is
misaligned. (b) The autocollimator is tilted until the beam is normally
incident on the CGH. The surface normal and alignment axis are parallel as desired.

Optical Engineering

Fig. 11 CGHB re-images the near spot onto the plane of the far spot.
(a) A centered CGHB with wedge will create a displacement between
the spots. (b) CGHB is decentered to align the spots.
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the beam over the path L gives the total displacement (CGH
centration error)
Centration ErrorðCGHA; CGHBÞ ¼ x
Z L
ΔnðzÞ
ðL − zÞdz;
¼
wðzÞ
0
Fig. 12 The CGHs are written to the rear surface of a substrate with
wedge. The arrows represent the center and the tilt of the CGH
illustrating the possible alignment errors due to wedge.

3.6.3 Substrate wedge and CGH orientation
The previous analysis has assumed that the CGHs are written
to the rear side of substrates with wedge, which will produce
errors that look like Fig. 12 (consider errors only from
wedge).
The substrates could be flipped, so the CGHs are on the
front of the substrates producing a different set of alignment
errors. CGHA is still the alignment datum and has no tilt or
centration error. However, the alignment axis is refracted by
the wedged substrate causing centration error for CGHB.
There is an additional centration error from CGHB wedge.
All the substrates will be parallel, unlike the previous case,
but will be tilted with respect to the alignment axis. A possible alignment for this case is shown in Fig. 13.
Depending on the system in question and the requirements on centration and tilt, one must decide whether the
alignment in Figs. 12 or 13 is preferable.
3.7 Writing Error
By definition, CGHA cannot be decentered because the FZP
patterns are concentric. If the patterns are not concentric due
to writing error, the alignment axis does not pass through the
center of CGHA nor is it perpendicular to the CGHA or
CGHB surface normals. This will cause tilt and centration
error for both CGHs, similar to the analysis in Sec. 3.2.
CGHB could have additional alignment error if the writing
error added a tilt carrier to either CGH. Measurements of
actual CGHs have yielded position errors of 10 to 15 nm
1σ 12 producing negligible alignment error for most of the
systems.
3.8 Atmospheric Effects
In a stable environment, air layering and temperature gradients can cause a GRIN effect refracting the autocollimator
beam as it propagates.13 Integrating the angular deviation of

Fig. 13 The CGHs are written to the front surface of a substrate with
wedge. The arrows represent the center and the tilt of the CGH illustrating the possible alignment errors due to wedge.

Optical Engineering

(13)

where wðzÞ is the beam diameter and ΔnðzÞ∕wðzÞ is the
change in index across the beam, and both are a function
of axial position (z). The tilt error is given by the slope of
the displacement curve at the CGH

∂x
Tilt ErrorðCGHA; CGHBÞ ¼  :
(14)
∂z z¼L
This effect will only add significant error for systems with
long air paths in a stagnant environment. To get a 1-μm centration error for a system with a 1-m air path, the change in
temperature across the beam diameter must exceed 2°C
(dn∕dT ¼ 1e − 6∕°C).
3.9 Thermal Effects
Temperature gradients also affect the substrates, alter the
index of refraction, and create a thermal wedge. This wedge
can be calculated from the coefficient of thermal expansion
for the substrate (CTE), its thickness (t), its diameter (D),
and the change in temperature across it (ΔT)
thermal wedge ¼

CTE × t × ΔT
:
D

(15)

Given the combined effect of this thermal and the actual
wedges, the errors for tilt and centration described in Sec. 3.6
can be re-calculated using the new index of refraction
n 0 ¼ n0 þ

dn
ΔT;
dT

(16)

where n0 is the original index of refraction, dn∕dT is the
change in index of the substrate material with temperature,
and ΔT is the temperature change.
3.10 Summary of Errors
A summary of the expected alignment errors are listed
in Table 1. “Eq. (#)” refers the equation used to calculate
the error, and “Meas” indicates that the error is specific to
the system hardware and must be estimated by the user.
The errors are categorized as random or correlated, where
random errors change between each measurement and correlated errors are consistent between measurements or couple
into other errors. The total tilt and centration errors for each
CGH are calculated by combining the values in the appropriate columns. Random errors are combined in quadrature
and correlated errors by addition.
The dominate error sources depend on the specific system. For an autocollimator with 1 μrad resolution, the tilt
uncertainty is about 0.5 μrad for each CGH. For a focal
plane with 1 μm resolution (assuming no magnification in
the focal plane and CGHB, m ¼ −0.5), the centration uncertainty is about 0.66 μm for CGHB. In addition, when the
substrate wedges are 2 μrad each, the resulting tilt and
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Table 1 Summary of contributions to alignment error.

Sources of error

CGHA centration

CGHB tilt

CGHB centration

Random/correlated

Eq. (4)

—

Eq. (4)

OR Eq. (5)

C

Eqs. (6)–(8)

Eqs. (6), (7), and (9)

Eqs. (6)–(8)

—

C

Spot centroiding

Meas

—

Meas

Meas

R

Hardware resolution

Meas

—

Meas

Meas

R

Kinematic mount repeatability

—

—

—

Meas/Eq. (1)

R

CGH wedge

—

—

Eqs. (10) and (11)

Eq. (12)

C

CGH writing error

Meas

Meas

Meas

Meas

C

Atmospheric effect

Eq. (14)

Eq. (13)

Eq. (14)

Eq. (13)

C

Temperature effect

—

—

Eqs. (10), (11),
(15), and (16)

Eqs. (12),
(15), and (16)

C

Autocollimator calibration
Autocollimator beam wavefront

CGHA tilt

centration errors for CGHB are 1.85 μrad and 0.22 μm,
respectively (assumes relative wedge orientation of 45 deg).
4 Two CGH Experiment
A system with two CGHs was aligned multiple times to
estimate the alignment uncertainty for this procedure.11
The system layout is shown in Fig. 14.
4.1 Alignment Check
The residual alignment error was measured with an independent optical test. In the region outside the FZPs, two extra
patterns on each CGH act like two sets of spherical mirrors
with a sphere on CGHA having a common “center of curvature” with a sphere on CGHB. When a point source is
placed at the center of curvature for one set of mirrors,
the displacement between the reflected spots shows the
CGH misalignment, as in Fig. 15. Two sets of mirrors are
needed to calculate the tilt and centration misalignments
of CGHB to CGHA in both the x- and y-directions.

Fig. 14 (a) The optical system consists of two CGHs spaced 1 m
apart with the autocollimator and focal plane on either end (distances
in millimeters). (b) The experimental setup is pictured.

Optical Engineering

The tilt (α) and centration (Δ) misalignments of CGHB
with respect to CGHA are calculated using the following
set of equations:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðδ1x − δ2x Þ2 þ ðδ1y − δ2y Þ2
α¼
2ðL1 þ L2 Þ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðδ1x L2 þ δ2x L1 Þ2 þ ðδ1y L2 þ δ2y L1 Þ2
;
(17)
Δ¼
2ðL1 þ L2 Þ
where δ1x and δ1y give the separation of the reflected spots in
configuration Fig. 15(a), δ2x and δ2y give the separation of
the reflected spots in configuration Fig. 15(b), and L1 and L2
are the distances between the point source and CGHB in
each configuration, respectively. The signs of the separations
are in the global coordinates. For small angles and decenters,
the effect of plane parallel substrates is negligible.
4.2 Results
Table 2 shows the residual misalignment of CGHB with
respect to CGHA using the spherical mirror check for 12
different alignments.
Some of the residual misalignment is error in the check
itself. The misalignments are calculated based on the distance between spot centroids and uncertainty in their locations leads to uncertainty in the check. The magnitude of
the centroid uncertainty, primarily due to the size/quality
of the spots and wedge in the CGHs, must be estimated
for the hardware, and Eq. (17) relates that uncertainty to the
check uncertainty.
The expected errors are shown in Table 3. Based on experience with the setup, the writing error, atmospheric effects,
and thermal effects are neglected.
The total uncertainty is calculated by combining the random errors in quadrature, which vary between alignments.
For this experiment, the autocollimator was calibrated before
each measurement, so we include that contribution in the
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Fig. 15 The sphere check measures the residual error in the alignment procedure. (a) A point source is placed at the “center of curvature” of two
spherical mirror patterns. The displacement between the reflected spots is measured to determine the misalignment of CGHB with respect to
CGHA. (b) A second set of spherical mirror patterns is used with the point source placed on the opposite side of the substrates. The separation
in the figure is not to scale.

Table 2 Statistics for spherical mirror alignment check.

Table 4 Summary of expected and measured errors for two CGH
systems.

Degree of freedom

Average

Standard deviation (1σ)

Tilt X

0.71 μrad

2.5 μrad

Tilt Y

0.76 μrad

1.34 μrad

Centration X

−0.32 μm

1.25 μm

Centration Y

−0.23 μm

0.64 μm

Tilt magnitude

1.04 μrad

2.83 μrad

Centration magnitude

0.39 μm

1.40 μm

Tilt error (μrad)

Centration
error (μm)

Expected (from analysis)

0.13  3.06 1σ

0.09  1.31 1σ

Measured (from experiment)

1.04  2.83 1σ

0.39  1.40 1σ

all alignments. The CGH wedge magnitude and orientation
does not vary between alignments, which also add bias.
Assuming that the error from the alignment check is small,
the total expected and measured uncertainties are consistent,
as shown in Table 4.

random error as well. This test measures the angle of CGHB
with respect to CGHA, so it cannot measure the tilt error
from aberrations in the autocollimator beam wave front,
which is equal for both substrates and is left out of the
calculation. However, the CGHA centration error from the
aberrated wave front will add bias, since it is the same for

5 Conclusion
A procedure to align CGHs spaced meters apart in tilt and
centration with low uncertainty was presented. This procedure described the alignment of CGH references only,
but if the CGHs were well aligned to the optics individually,

Table 3 Summary of contributions to alignment error for two computer-generated hologram (CGH) systems.

Sources of error

CGHA tilt
μrad (1σ)

CGHA centration
μm (1σ)

CGHB tilt
μrad (1σ)

CGHB centration
μm (1σ)

Random/correlated

Autocollimator calibration

0

0

0

0.34

R

Autocollimator beam wavefront

0.64

0.08

0.64

0

C

Spot centroiding

1.77

0

1.77

0.2

R

Hardware resolution

1.25

0

1.25

0.14

R

Kinematic mount repeatability

0

0

0

1.25

R

CGH wedge

0

0

0.13

0.05

C
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the optical system will also be accurately aligned. The use of
CGHs as the external references provided several convenient
advantages including the ability to write multiple patterns to
a single substrate. The concept uses zero-order reflections to
align the CGHs in tilt and first-order imaging to align them in
centration. The same beam created the datum for tilt and centration giving lower uncertainties than the use of two separate
beams. The process for aligning the references in tilt and centration was decoupled, which along with real-time feedback
from the instruments makes the alignment straightforward
and efficient.
The major sources of error were identified and equations
were given for their contributions to the final uncertainty.
Errors were classified as misalignments of CGHA and/or
CGHB, as well as whether they were random or correlated.
Since CGHA is used to align all CGHBs, it is worth making
sure that it is a high-quality substrate with low wedge.
A system of two CGHs spaced 1 m apart was built to
verify the analysis. Multiple alignments were performed,
and an independent optical test quantified the alignment
uncertainty. The procedure achieved a tilt uncertainty of
2.8 μrad 1σ and a centration uncertainty of 1.4 μm 1σ,
which was consistent with the analysis. The tilt uncertainty
was dominated by spot centroiding and hardware resolution,
while the centration uncertainty was primarily due to the
autocollimator calibration and the repeatability of the kinematic mounts.
The power of this procedure is that it does not rely on the
surfaces of the optical system or any specific geometry. As
long as the positions of the CGHs with respect to the optics
are known, the geometry can be chosen to fit within the available space and maximize the sensitivity to misalignments.
Once the tooling for the specific geometry is created, the
procedure can be easily repeated allowing for efficient alignment of optical systems produced in high volume. Overall,
this is a highly flexible, very low uncertainty alignment
procedure that can be applied to a wide variety of optical
systems. In fact, it is well suited for the alignment of any
rotationally symmetric system that can accommodate the
mounting of CGHs along its axis.

and by generous support from private individuals and
foundations.
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